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Abstract 
Understanding the surface/interface electrostatic properties of organic 
semiconductors has great implications for the fundamental transport properties of these 
materials and their performance in devices. Therefore, this thesis aims to correlate 
electrostatic properties with microstructure and mechanical strain in benchmark organic 
semiconductors. To this end, a number of scanning probe microscopy (SPM) techniques 
are employed to examine thin films and single crystals of prototypical organic 
semiconductors. In particular, strong variations of interfacial polarization at the 
organic/insulator interfaces are quantified by scanning Kelvin probe microscopy 
(SKPM). The roles of the dielectric type and deposition condition are identified. 
Moreover, striking lateral electrostatic heterogeneities are visualized in thermally 
deposited organic semiconductor bi-layers on various dielectrics, and are directly related 
to the complex microstructural motifs of the films. The mixed homoepitaxial growth 
modes, which give rise to the inhomogeneous microstructure, can be conveniently 
determined by combining two variants of lateral force microscopy (LFM), namely, 
friction force microscopy (FFM) and transverse shear force microscopy (TSM). 
Furthermore, a fundamental correlation is established between the surface electrostatic 
potential and mechanical strain. The effects of tensile and compressive strains in both 
elastic and plastic regimes are determined for the first time. Overall, organic 
semiconductors exhibit complex surface/interface electrostatic properties, which can be 
visualized by SPM and can be correlated with microstructure and mechanical properties. 
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Chapter 1  Introduction 
 
1.1  Motivation 
Semiconducting materials based on small organic molecules and polymers have 
received intensive research over the past few decades. The intense interest in organic 
semiconductors stems from their optical and electrical advantages as semiconductors, as 
well as their chemical and mechanical benefits as organics. These carbon-rich compounds 
feature π-conjugated units that form planar or nearly planar molecular structures. Such 
conjugated structure gives rise to delocalized π-orbitals that afford these materials unique 
optical and electrical properties for applications. In addition, the structures of organic 
semiconductors can be easily tailored by chemical synthesis such that optimization of 
particular functions is possible. Also, organic semiconductors exhibit low-temperature 
solution processability and are compatible with flexible substrates such as plastics. 
Therefore, organic semiconductors present great potential for large area, low-cost, 
flexible electronics for applications in displays, solid-state lighting, solar energy 
conversion, etc. 
1-7
 
The large-scale technological exploration of organic semiconductors has led to 
impressive performance improvement. Notably, high efficiency, very bright and colorful 
thin displays based on organic light-emitting devices (OLEDs) have already been 
commercialized.
8-10
 Exciting progresses have also been made in the realization of sensors 
and printed electronics.
11-19
 However, fundamental questions still remain regarding the 
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structure-property-processing relationships of organic semiconductors, which hinders the 
further development of organic electronics. Therefore, the primary objective of this thesis 
is to address the fundamental structure-property correlations in order to open up new 
opportunities for theoretical studies and technological applications of organic 
semiconductors. 
 In particular, an important electrical parameter, the surface electrostatic potential, of 
model organic semiconductors is probed and correlated with microstructure and 
mechanical properties. The surface electrostatic potential, synonymous with the work 
function, is an electrical potential energy and a state variable for surface charges. It 
reflects many intrinsic and extrinsic factors associated with surfaces/interfaces, namely 
the crystal structure, the spatial distribution of dopant species, the charge states of surface 
traps, the presence of extended defects (dislocations and grain boundaries), dipoles, fixed 
charges, contaminations, electric fields, and illumination.
20-22
 The surface electrostatic 
potential is known to impact charge transport along and across the surfaces/interfaces. 
For example, in an organic field effect transistor (OFET), the surface electrostatic 
potential variations at the organic/insulator interface will affect the spatial distribution of 
gate-induced charges, and the peaks and valleys of surface electrostatic potential serve as 
the barriers or traps for charge transport parallel to the interface.
23-26
 Therefore, the 
surface electrostatic potential is directly relevant to the performance of electronic devices. 
Probing local surface electrostatic potential distribution and establishing direct links 
between surface electrostatic potential with microstructure and mechanical properties in 
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organic semiconductors thus have critical importance for understanding the charge 
transport bottlenecks in organic electronic devices.  
In this thesis, non-destructive and spatially-resolved scanning probe microscopy 
(SPM) techniques, specifically, scanning Kelvin probe microscopy (SKPM), electrostatic 
force microscopy (EFM), and lateral force microscopy (LFM) are employed to map the 
microstructural and surface/interface electrostatic properties of benchmark organic 
semiconductors. The surface electrostatic potential of organic thin films is related to the 
polarization effect at organic/dielectric interfaces and to the microstructural features of 
the films, particularly the complex microstructural motifs arising from homoepitaxial 
growth modes. In addition, the surface electrostatic potential is linked to the tensile and 
compressive strains in organic materials, which has important implications for flexible 
electronics.  
 
1.2  Thesis Overview 
Chapter 2 introduces the basic aspects of bonding and structure of organic 
semiconductors, in particular, conjugated small organic molecules. Fabrication 
techniques for both thin films and single crystals of organic semiconductors are reviewed. 
Examples are given including benchmark pentacene thin films and rubrene single crystals.  
Chapter 3 focuses on the physics, operational modes, and applications of scanning 
probe microscopy (SPM). Detailed descriptions of several advanced SPM techniques, 
including friction force microscopy (FFM), transverse shear microscopy (TSM), scanning 
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Kelvin probe microscopy (SKPM), and electrostatic force microscopy (EFM), are 
presented.  
Chapter 4 presents a comprehensive SKPM study of surface potentials and contact 
potential differences across ultrathin (1-2 monolayer) crystalline islands of the 
benchmark organic semiconductor pentacene thermally deposited on a variety of polymer 
dielectrics. Strong variations in the interfacial polarization and lateral electrostatic 
heterogeneity are observed, arising from the dielectric type, deposition conditions, and 
microstructure (i.e., homoepitaxy) inhomogeneity. This work is published as Y. Wu, G. 
Haugstad and C. D. Frisbie, The Journal of Physical Chemistry C, 118, 2487-2497 
(2014). 
Chapter 5 describes a combined FFM/TSM technique as a feasible way to identify 
complex microstructural motifs due to mixed homoepitaxial growth modes in pentacene 
bi-layers deposited on a variety of dielectric substrates. The different homoepitaxial 
modes are further correlated to the lateral surface potential variations and one-to-one 
correspondences between homoepitaxy and surface potential are generally established in 
pentacene bi-layers. This work is published as Y. Wu, V. Kalihari, G. Haugstad, and C. 
D. Frisbie, Physica Status Solidi b, 252, 1291-1299 (2015). 
Chapter 6 reports the first concrete link between mechanical strain and a key 
electrical property, the work function, in rubrene single crystals. By utilizing mismatch of 
coefficients of thermal expansion between rubrene and the substrates, controlled tensile 
and compressive strains are induced in rubrene. The strains are quantified by in-situ X-
ray diffraction and the corresponding work function changes are measured by 
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temperature-dependent SKPM. We find that the WF of rubrene increases (decreases) 
significantly with in-plane tensile (compressive) strain. This work is published as Y. Wu, 
A. R. Chew, G. Rojas, G. Sini, A. Belianinov, S. V. Kalinin, H. Li, C. Risko, J.-L. Bredas, 
G. Haugstad, A. Salleo and C. D. Frisbie, Nature Communications 7, (2016). 
Chapter 7 proposes potential future research projects based on our previous findings. 
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Chapter 2  Organic Semiconductors 
 
Organic semiconductors, as a low-cost alternative to silicon, are attractive candidates 
for large-area, light-weight, flexible, inexpensive electronic applications. Unlike their 
inorganic counterparts, these π-conjugated materials are held together by weak van der 
Waals force, and hence they exhibit very different optical and electronics properties than 
inorganic semiconductors. This chapter will focus on some general aspects of organic 
semiconductors that govern the electronic transport properties in organic devices. The 
scope of discussion will mainly be on small organic molecules. Particular emphasis will 
be placed on bonding, structure, and the growth of organic molecular thin films and 
single crystals. Benchmark organic semiconductor systems including pentacene thin films 
and rubrene single crystals will be introduced. 
 
2.1  Structure and Bonding 
The bonding and structure are, amongst all, two key factors that distinguish organic 
semiconductors and determine their unique electronic transport properties. Comprising 
small organic molecules and polymers, organic semiconductors commonly feature π-
conjugated bonds. In contrast to inorganic semiconductors, such as Si and Ge, which are 
bound by strong covalent interaction, the solid-state structure of organic semiconductors 
is based on significantly weaker interactions between neighboring molecules or polymer 
chains, primarily van der Waals and dipole-dipole interactions. A key consequence is that 
  7 
organic semiconductors typically have less overlap in the wavefunctions of neighboring 
molecules/polymer chains and hence the transport is less delocalized in organic 
semiconductors compared to their traditional inorganic counterparts.  
Organic molecules, for example, are highly conjugated systems composed of 
thiophene or benzene ring building blocks. The benzene ring, as a typical conjugated 
molecule, has alternating single and double bonds. The π-conjugation in a benzene ring is 
realized by overlapping one pz orbital with another across an intervening ζ bond as 
shown in Figure 2.1. All of the carbon atoms are sp
2
-hybridized in a way that the one s 
orbital and two p orbitals (px and py) combine to create three new hybrid orbitals with 
equal energy level, i.e., the ζ bond. The π bond is then formed by combination of the 
remaining pz orbitals. Due to the cyclic structure of benzene ring, the electrons in π bonds 
(π electrons) are able to delocalize in molecular orbitals that extend all the way around 
the ring, above and below the plane of the ring, as shown in Figure 2.1. Such delocalized 
π-electron system is essential for organic semiconductors as it provides the conduction 
pathway for charge carriers.  
 
Figure 2.1 sp
2
 hybridization of pz orbitals in a benzene ring. 
 
6 pz orbitals Delocalized
pz orbital
π orbital
σ bond
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The effectiveness of π-π overlap between molecules, therefore, is critical to the 
transport properties of organic semiconductors, and is largely determined by the packing 
motif. There are two major categories of packing motifs, namely herringbone packing 
and π stacking,27, 28 resulting from a complex balance of intramolecular interactions 
within a very narrow energy range. A more detailed classification considers the specific 
π-overlaps among neighboring molecules and thus results in four different types of 
packing motifs as shown in Figure 2.2.
29-32
  
 
Figure 2.2 Molecular packing motifs in organic semiconductors. [ref 29] 
(a) Herringbone packing (face-to-edge) without π-π overlap between adjacent molecules, e.g., 
pentacene. (b) Herringbone packing with π-π overlap between adjacent molecules, e.g., rubrene. 
(c) Lamellar motif, 1-D π-stacking, e.g., hexyl substituted naphthalene diimide. (d) Lamellar 
motif, 2-D π-stacking, e.g., TIPS-Pentacene.  
 
One of the herringbone motifs (Figure 2.2a), exhibiting only face-to-edge stacking, 
does not have π-π overlap between adjacent molecules. Examples of molecules that adopt 
this type of packing motif include most acene molecules, such as pentacene. The other 
a b
c d
  9 
herringbone packing motif, depicted in Figure 2.2b, shows both face-to-edge and face-to-
face stacking. Therefore, this so-called “slipped π stacking” promotes some extent of π-π 
interactions between adjacent molecules and hence is more favorable for charge 
transport. Rubrene is an exemplary molecule adopting this packing motif, which has been 
reported to exhibit much higher hole mobility than pentacene.
33
 Regardless, the π-π 
overlap is more or less minimized by the edge-to-face packing in herringbone motif. 
Therefore, molecules that stack only face-to-face in the solid-state are believed to better 
facilitate carrier transport. Figure 2.2c shows the schematic of a one-dimensional π 
stacking where effective π-π overlap is only along one direction. An example of organic 
molecule adopting this type of packing motif is hexyl substituted naphthalene diimide. 
However, such one-dimensional π-stacks are still not in a perfectly face-to-face manner 
for improved transport behavior. The most ideal packing motif for efficient charge 
transport is therefore two-dimensional π stacking as shown in Figure 2.2d. Clearly, the π-
π intermolecular interaction is maximized in this kind of packing motif. 6,13-
Bis(triisopropylsilylethynyl)pentacene (TIPS-pentacene) is reported to have the two-
dimensional π stacking. 
 
2.2  Organic Semiconductor Thin Films 
Thin Films of organic semiconductors are of significant interest due to their ease of 
processing and compatibility with flexible substrates. Particular attention has been 
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focused on realization of organic thin film transistors (OTFTs), organic thin film 
photovoltaic cells, and organic light emitting devices (OLEDs).
34, 35
  
Take OTFTs, which are potential building blocks for various applications including 
radio-frequency ID tags and sensors,
16, 17
 as an example. An OTFT is a special variant of 
field effect transistors (FETs) made by depositing an organic semiconductor active layer 
as well as the dielectric layer and metallic contacts on a supporting substrate, such as 
glass and plastic. Typical geometries of top contact and bottom contact OTFTs are shown 
in Figure 2.3. 
 
Figure 2.3 Schematics of OFETs and operation OFET. 
(a) Top contact OFET. (b) Bottom contact OFET. (c) Operation of an OFET with p-type organic 
semiconductor. 
 
In both top and bottom contact OTFTs, a thin film of organic semiconductor active 
layer is deposited on an insulating substrate. There are three electrodes used to operate 
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the device, the source, drain and gate electrode. The basic operation of an OTFT is 
relatively simple and will be demonstrated here using a p-type OTFT as a model. The 
organic semiconductor active layer and the gate electrode can be viewed as a capacitor 
separated by a dielectric. If the gate electrode is biased positively, the channel is depleted 
and the transistor is in “off state”. When a negative gate bias VG is applied to the gate 
electrode, negative charges are induced at the interface of gate electrode and insulator. In 
the meantime, positive charges will build on the organic semiconductor/insulator 
interface in an attempt to balance the net charge. The transistor is now operating in the 
accumulating mode or “on state” with a large carrier concentration in the channel. 
It is intuitive that the organic semiconductor thin film incorporated in an OTFT plays 
the key role in the performance of the device. Indeed, strong correlations between film 
quality/crystallinity and device performance have been demonstrated. In particular, it is 
generally accepted that the majority of charge carriers induced by the gate insulator are 
confined within the first few monolayers of organic semiconductor films close to the 
organic/insulator (O/I) interfaces, and the electrical performance of the devices is 
inextricably connected to the microstructure of these layers.
36-39
 Therefore, it is critical to 
understand the growth and structure of organic semiconductor thin films. The following 
sections will discuss the fabrication method and growth mechanism of organic 
semiconductor active layers that are central to the performance of organic thin film 
devices. Detailed information of the growth of pentacene thin films will be given to 
demonstrate several practical aspects that affect the film microstructures.  
  12 
2.2.1 Organic Thin Film Deposition 
The organic active layers in devices such as OTFTs can be fabricated either by 
vacuum sublimation or solution processing. Solution processing utilizes soluble organic 
semiconductors. The organic semiconductor is completely dissolved in an organic solvent 
and the solution is then coated onto the substrate by either drop-casting, spin-coating, 
dip-coating, or printing. Solution processing provides a cost-effective fabrication method 
as it eliminates the need for expensive vacuum chambers and lengthy pump-down cycles. 
Moreover, it enables high-throughput, large area manufacturing, as required for 
successful commercialization of organic semiconductor devices. Therefore, a lot of 
efforts have been devoted to the synthesis of soluble organic molecules so that that they 
can be solution-processed because small organic molecules, in general, are not very 
soluble in organic solvent. Some limitations of solution processing methods include the 
difficulty to locally pattern the film and the possibility for the solvent to attack existing 
layers. More importantly, for the purpose of fundamental structure-property relationship, 
the complex microstructure of solution-processed films can be difficult to assess and it is 
even harder to correlate it with electrical properties. Therefore, this part of the thesis will 
be focused on vacuum sublimation method. 
Physical vapor evaporation is one of the most commonly used techniques to deposit 
thin films of small organic molecules due to its simplicity and relative ease of control.
40, 
41
 A schematic of the technique is shown in Figure 2.4. This method involves 
vaporization of source material in vacuum and condensation of the sublimed source vapor 
to a cooler substrate. It can be utilized for a variety of small organic molecules, as long as 
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the molecules have high decomposition temperature than the sublimation temperature. 
Crystalline films with well-controlled thicknesses are typically produced, which are of 
both fundamental and practical interests.  
 
 
Figure 2.4 Schematic of a thermal evaporation system. 
 
In a typical evaporation process,
40
 thermal energy is imparted to the source material 
placed in a ceramic crucible in a vacuum chamber with a pressure of about 10
-6
 Torr. 
When the source material is slowly heated to its sublimation point, source molecules are 
transferred to the substrates aligned a distant away above the source. This so called 
“bottom up” geometry is favored over the “top down” geometry since it can effectively 
prevent the source material from splitting out of the source crucible. Also, because dust is 
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unable to land on the substrates, contamination of the substrates is largely avoided. The 
deposition rate can be monitored using a quartz crystal microbalance (QCM) located 
close to the substrates. This makes thermal evaporation a controllable technique to 
deposit organic thin films with desired thickness.  
The morphology and crystallinity of thermally deposited films are closely related to 
several important deposition variables including the pressure of the vacuum system, the 
deposition rate determined by the source crucible temperature and the substrate 
temperature.
40
 To better understand the impact of these variables on the microstructure of 
as-deposited films, fundamental growth mechanism in thermal evaporation is introduced 
in the following section, including the thermodynamics of nucleation and growth, the rate 
of nucleation, and the growth modes.  
2.2.2 Growth Mechanism 
Concepts from film growth of inorganic materials have been used to interpret the 
growth of organic thin films since the organic thin-film growth closely mimics the 
growth of inorganic materials in a number of fundamental aspects. This section (1) 
introduces the atomistic model for nucleation and growth; (2) reviews the thermodynamic 
and kinetic considerations for deriving the rate and density of nucleation; and (3) presents 
three primary growth modes.  
The growth of thin films involves nucleation and growth. In the atomistic model,
42
 
typical microscopic processes that may occur during nucleation and growth of thin films 
(Figure 2.5) are taken into consideration. For vapor deposition from ideal gas at a certain 
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pressure, molecules condense onto a perfect substrate surface with a flux of F(a), 
typically measured in monolayers per second. Once molecules are on the surface, referred 
to as ad-molecules, they can (i) diffuse laterally with a diffusion constant D(b); (ii) meet 
other ad-molecules to form a dimer, or (iii) attach to existing islands. Once ad-molecules 
are attached to an island, they can detach from the island edge or diffuse along the island 
edge. Other possible processes include deposition of ad-molecules on top of islands and 
desorption of ad-molecules at high temperatures. Each of these processes has 
characteristic time, which is dependent on the concentration of molecules and the 
coverage. For thermally activated processes, such as diffusion and desorption, their 
characteristic times are determined by the activation energies and the frequency factor. 
For instance, the characteristic time for desorption (ηa) is given by: 
    
     (
  
   
) Equation 2.1 
where Ea is the activation energy for desorption, Ts is the substrate temperature, k is the 
Boltzmann’s constant, and ν is the frequency factor. Therefore, we need two system 
variables (Ts and F(a)) as well as three materials parameters Ed (activation energy for 
diffusion), Ea, and Ei (binding energy for small cluster with size i) (Figure 2.5) to describe 
the early stage nucleation and growth. 
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Figure 2.5 atomistic model for nucleation and growth. 
 
In terms of nucleation, in organic thin film deposition, it requires that the vapor 
phase (v) and crystalline phase (c) deposited on the substrate is in thermodynamic 
inequilibrium; that is, when the vapor phase and crystalline phase are both at the same 
pressure and temperature, the chemical potential of the two phases, i.e., the work needed 
to change the number of molecules in the phase by one molecule (μ = δG/δn), are 
different. The chemical potential difference, Δμ, is known as the thermodynamic driving 
force for nucleation of molecules in vapor to an infinitely large crystal. When molecules 
at supersaturation are transferred from vapor into a finite sized crystal with j molecules, 
the free energy needed is expressed by:   
  ( )         
 
 ∑     
 
 Equation 2.2 
where Δμ = μc - μv, ri is the surface energy of surface i with area Ai. Therefore, Equation 
2.2 shows that the nucleation process is a competition between thermodynamic driving 
force (first term) and the energy needed to increase the surface area. This equation, 
although could be problematic when nucleation at very small islands are considered, is a 
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reasonable approximation of the relationship between free energy, crystal size and 
surface energy that describes the nucleation behavior. 
The two competing terms in Equation 2.2 result in an energy barrier (ΔG*) for stable 
nucleus formation. When the nucleus is small, the surface effect is dominant in Equation 
2.2; that is, adding one molecule increases surface energy and thus the instability of the 
nucleus. As the nucleus gets larger, or the instability reaches its maxima, the volume 
effect becomes dominant, i.e., there are enough molecules in the aggregates so that they 
can adjust themselves to improve stability. The critical size (i) of the nucleus for stable 
nucleation can be obtained by differentiating Equation 2.2:  
(
  ( )
  
)
  
   Equation 2.3 
The energy barrier for nucleation ΔG* is thus equal to G(i), where i is the critical size 
solved from the above equation.  
In addition to thermodynamic models, several kinetic models have also been adopted 
to describe nucleation and growth of organic materials. These models are also developed 
from inorganic materials. The assumption for generating kinetic rate equations is that 
only single molecules are mobile on the substrate surface. Based on the processes 
introduced in Figure 2.5, the rate equations are given by:  
   
  
  ( )  
  
  
  ∑   
 
   
 Equation 2.4 
   
  
         (    ) Equation 2.5 
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where N1 is the surface concentration of organic molecules in units of number of 
molecules per unit area, Nj is the concentration of clusters with j molecules, Ui is the net 
rate of capture of single molecules by clusters with j molecules.  
If the clusters are divided into unstable (j   i) and stable (j   i), the concentration of 
all stable clusters is thus given by:  
   ∑   
 
   
 Equation 2.6 
The above rate equations can be simplified to: 
   
  
  ( )  
  
  
 
 (    )
  
 Equation 2.7 
   
  
   Equation 2.8 
   
  
       Equation 2.9 
where the third term in Equation 2.7 represents the growth of Nx stable clusters with wx 
average molecules. The second term (Uc) in Equation 2.9 takes into account the 
coalescence of two stable clusters, in which case the number of stable clusters decreases.  
According to the thermodynamic and kinetic considerations, the rate of nucleation is 
therefore a function of the rate of deposition, the substrate temperature, surface properties 
of the substrate, intermolecular interactions, and molecule–surface interactions. The 
energetic terms that are relevant to heterogeneous nucleation and growth include the 
activation energy for diffusion Ed, the activation energy for desorption Ea, and the energy 
barrier for nucleation ΔG*. Based on the rate equations introduced above, the nucleation 
density of stable islands (ND) can be written as: 
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) Equation 2.10 
where ρ is a constant related to the critical cluster size and is dependent on the regimes of 
condensation (see Table 2.1), E is a function of Ed, Ea, and ΔG
*
. Assuming that the energy 
barrier for nucleation and the deposition rate scale equivalently, and the chemical 
potential driving force is small, then E = (-Ea + Ed + ΔG
*
). Therefore, the nucleation 
density of stable islands can be re-written as:  
   
  
  
 (
 
  
)
 
   (
         
 
   
) Equation 2.11 
This equation clearly demonstrates the roles of the three energetic barriers on the 
nucleation density.  
Table 2-1 Maximum cluster density in different condensation regimes. 
Regime 3D islands 2D islands 
Extreme incomplete 
ρ = 2i/3 ρ = i 
E = 2/3 [Ei + (i + 1) Ea – Ed] E = [Ei + (i + 1) Ea – Ed] 
Initially incomplete 
ρ = 2i/5 ρ = i/2 
E = 2/5 (Ei + i Ea) E = 1/2 (Ei + i Ea) 
Complete 
ρ = i/(i + 2.5) ρ = i/(i + 2) 
E = (Ei + i Ed)/(i + 2.5) E = (Ei + i Ed)/(i + 2) 
 
When the microstructure and related properties of an organic thin film are concerned, 
another important aspect aside from nucleation density is the growth modes. It is 
generally known that there are three different growth modes,
42
 namely island mode, layer 
mode, and layer-plus-island mode, as depicted in Figure 2.6. 
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Figure 2.6 Growth modes of thin films. [ref 42] 
(a) Island mode, or Volmer-Weber (VW) mode. (b) Layer mode, or Frank-van der Merwe (FM) 
mode. (c) Layer-plus-island mode, or Stranski-Krastonov (SK) mode. 
 
The island mode (Figure 2.6a), also known as the Volmer-Weber (VW) mode, 
describes the nucleation of small clusters directly onto the substrate surface and the 
growth into three-dimensional islands of condensed phase. This happens when the 
molecules are more strongly bond to each other than to the substrate. This three-
dimensional growth mode, however, is not favorable as it usually creates voids as well as 
more severe grain boundaries in the film. In contrast to the island mode, the layer mode 
(Figure 2.6b), or the Frank-van der Merwe (FM) mode, is a two-dimensional growth 
mode. The molecules are more tightly bound to the substrate than to each other so that 
the first molecules tend to condensate on the surface to form a complete monolayer. The 
second layer that covers the first layer is actually more weakly bound. Such monotonic 
decrease in binding leads to a layer-by-layer growth of films toward to the bulk. This 
growth mode is preferable in organic semiconductor applications as it gives rise to high 
film quality and hence high mobility. The third growth mode, the layer-plus-island or the 
Stranski-Krastonov (SK) growth mode (Figure 2.6c), is an intermediate case 
a b c
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characterized by both two-dimensional and three-dimensional island growth. It initially 
adopts the layer growth mode up to one or a few monolayers until subsequent layer 
growth becomes unfavorable and islands are formed on top of the “intermediate wetting 
layer”. This growth mode is more commonly observed in the growth of many materials 
and can be better understood from a thermodynamic point of view.  
Differences in growth modes can be attributed to the influences of the surface and 
the relevant interfacial energies. The change of free energy (ΔG) for the formation of an 
organic film with area AA on top of a substrate with area AB is given by:  
                  Equation 2.12 
where γA is the surface energy of the organic film, γB is the surface energy of the 
substrate, and γi is the interfacial surface energy between the organic film and the 
substrate. For layer growth mode, AA = Ai = AB and ΔG   0. Thus, the criteria for layer 
mode and island mode are given by: 
            Equation 2.13 
            Equation 2.14 
The SK mode can be described by both Equations, i.e., Equation 2.13 holds for the initial 
layer growth and then Equation 2.14 becomes true.  
Note that the atomistic model as well as the thermodynamic and kinetic arguments 
discussed above is rather simple because they treat the molecules as isotropic spheres so 
that the orientation of the ad-molecules relative to the substrate or to other molecules is 
irrelevant. However, the real situation is much more complex when turning to organic 
molecules deposited on solid substrates as they are generally known with pronounced 
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anisotropy. Thus, the strength of the molecule-molecule and molecule-substrate 
interactions and hence the free energy of the system depend on the relative orientation of 
the ad-molecules. The growth and nucleation of organic molecules, therefore, is a 
delicate balance from such anisotropic strength of interactions between molecule-
molecule and molecule-substrate. The following section will present a case study of the 
growth of a model organic molecule, pentacene, as well as the important growth 
parameters.  
2.2.3 Pentacene Thin Film Growth 
Pentacene (C22H14) is the benchmark organic semiconductor for organic thin-film 
devices. It is a planar molecule consisting of five linearly fused benzene rings, as 
depicted in Figure 2.7a. In the bulk phase, pentacene crystallizes in a triclinic structure 
(space group   ̅) with two molecules per unit cell and the molecules are arranged in a 
herringbone packing motif like its lower homologues (Figure 2.7b and 2.7c). The 
interlayer distance for bulk pentacene is d001 = 14.1 Å.
43, 44
  
  23 
 
Figure 2.7 Pentacene molecular structure and bulk crystal structure. 
 
Vacuum deposited pentacene films have different structures compared to the bulk 
crystals. Three “thin film” multilayer phases with different d001 values of 14.4, 15.0, and 
15.4 Å have been identified by wide-angle X-ray diffraction, indicating different packing 
structures in the a-b plane.
45-47
 Since understanding such structural differences is 
important for achieving high performing pentacene thin film devices, significant efforts 
have been made to investigate the growth mechanism of pentacene films that leads to 
different structures.  There are several primary parameters that govern the growth and 
structure of pentacene films. The roles of substrate type, deposition rate, substrate 
temperature, and growth kinetics will be reviewed in the following. 
Substrate Type. As introduced in the previous section, nucleation and growth of an 
anisotropic molecule like pentacene depends on the delicate balance between the 
ab
c
a
b
a c
b
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anisotropic strength of interactions between molecule-molecule and molecule-substrate. 
The nature of the substrate largely affects the pentacene-substrate interaction and thereby 
plays an important role in the morphology of pentacene first monolayer and subsequent 
layers. A large amount of experimental observations have been made to understand the 
general substrate effects.
48-51
 For reactive substrates such as clean Si and metals, the 
interactions between pentacene molecule and the substrate are so strong that there could 
even be interfacial charge transfer. As a result, the pentacene molecules lie flat on the 
substrate. For flat and inert substrates including inorganic and organic dielectrics relevant 
to TFTs, pentacene-substrate interactions are much weaker than the interlayer pentacene-
pentacene interactions. Therefore pentacene molecules tend to form a nearly vertically 
standing-up state on these substrates so that the (001) plane which has the lowest surface 
energy exposed. The “thin film phase” structure adopted in these films which differs that 
in the bulk has been an interesting research topic and fundamental understandings have 
been obtained with the aid of grazing incidence X-ray diffraction (GIXD).
52
 In particular, 
the detailed monolayer structure of pentacene on SiO2 has been determined. Unlike the 
“thin film phase” structures determined in relatively thick pentacene films which 
characterize slight tilt in the long molecular axis, pentacene molecules in the first 
monolayer stand vertically on SiO2 surface. This unique “monolayer phase” structure is 
possibly stabilized by the minimized pentacene-substrate interaction or the large induced 
electrostatic polarization at the pentacene/SiO2 interface. Since the “thin film phase” 
structures are substrate induced, it has been observed that the bulk phase sets in after the 
growth of certain critical thickness.  
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Substrate Temperature and Deposition Rate. As revealed by Equation 2.11 in the 
previous section, two important system variables that influence nucleation and growth are 
the substrate temperature (Ts) and the deposition rate (R, also equivalent to F). Simply 
speaking, increasing the substrate temperature and/or decreasing the deposition rate 
reduce the nucleation density and hence increase the grain size. However, in practical 
situations, some other factors need to be considered to interpret the role of substrate 
temperature and deposition rate, including the bulk phase nucleation, the surface 
diffusion, the dislocation assisted growth, and the thermodynamically conditions for layer 
growth, as shown in Figure 2.8. These factors essentially set the limitations for the 
substrate temperature and deposition rate for the formation of single-phase layered films. 
 
 
Figure 2.8 Role of deposition rate and substrate temperatures on layer growth. 
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As mentioned above, the bulk phase starts after certain critical thickness and it has 
been found that the critical thickness increases with decreasing substrate temperature. 
The deposition rate, however, is found irrelevant to the critical thickness for bulk phase 
formation. Therefore, according to Figure 2.8, the nucleation of the bulk phase sets the 
upper limit for the substrate temperature in order to obtain single-phase layered films. 
The lower limit for the substrate temperature, on the other hand, is set by the limit of 
surface diffusion. When the substrate temperature is low, hindered surface diffusion leads 
to amorphous films with very high nucleation density and poor film quality. Similarly, it 
has been shown that amorphous films also form when the deposition rate is too high. 
Another important limitation is the degree of super-saturation. At the low-saturation 
regime, i.e., high substrate temperature and low deposition rate, the nucleation rate for the 
formation of stable cluster is very low and thus the growth mainly occurs on step edges of 
dislocations. This so-called dislocation assisted will be introduced in more detail later in 
this section. In addition, the regime for the single-phase layer growth is further restricted 
by thermodynamic conditions. Primarily, the chemical potential between pentacene in 
vapor phase and in a stable homogeneous cluster should be negative. 
Growth Kinetics. The kinetic rate equations introduced previously also indicate the 
importance of the energetic barriers for diffusion and reaction. It has been generally 
accepted that there are two different growth kinetic models depending on the competition 
between the diffusion and reaction processes, namely reaction-limited aggregation (RLA) 
and diffusion-limited aggregation (DLA).
53
 A characteristic difference between films 
grown in these two different models is the film morphology.  
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In RLA, the energy barrier for aggregation is large (E   kbT), resulting in very slow 
aggregation rate, i.e., the rate-limiting step. The clusters formed by reaction-limited 
aggregation have very dense and compact morphology as they can interpenetrate one 
another in a large degree. The aggregation, once happen, is very strong and rigid. In DLA, 
the energy barrier for aggregation is very small (E  kbT) so that the aggregation rate is 
several orders of magnitude higher than reaction-limited aggregation. Therefore, the 
incoming molecules stick to existing clusters quickly and irreversibly and the aggregation 
is only limited by the diffusion of the molecules. There are four different stages for 
diffusion-limited aggregation. At stage I, the molecules diffuse around on an almost bare 
substrate until critical numbers of molecules meet and form a cluster. At stage II, the 
molecules still form new clusters while some of them start aggregating to the existing 
clusters. State III is called the aggregation stage when all incoming molecules aggregate 
to the existing clusters. Finally, at stage IV, the film coalesces. A general feature of films 
formed with diffusion-limited aggregation is their fractal morphology, in contrast to the 
compact films formed in reaction-limited aggregation. The fractal dimension (Df) is used 
to quantify the complexity of the fractal pattern. Df is around 1.7 for growth in DLA 
regime and about 2 for that in RLA regime.  
Factors that determine whether the growth is in DLA regime or RLA regime include 
surface temperature, surface coverage, structural details, as well as the kinetic energy of 
the impinging molecules. The sticking coefficient (ζ), a function of these factors, is 
therefore used to distinguish the two growth regimes. It is defined as the ratio of the 
number of molecules that stick to the surface to the total number of molecules impinging 
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on the surface. Clearly, the value of sticking coefficient is from 0 to 1, with 0 being that 
none of the molecules stick and 1 being that all the molecules stick. A true DLA growth 
(ζ = 1) leads to very fractal islands, as shown in Figure 2.9a; whereas a RLA growth has 
ζ close to 0, and compact clusters are formed, as shown in Figure 2.9c. An intermediate 
sticking coefficient (0 < ζ < 1) thus leads to moderate DLA growth (Figure 2.9b), in 
which less fractal clusters are formed than those in a true DLA growth. It is found that 
pentacene films grown on SiO2 is in DLA regime. 
 
Figure 2.9 DLA and RLA of 10000 particles in two-dimensional space. [ref 53] 
(a) True DLA (ζ = 1; Df = 1.67). (b) Moderate DLA (ζ = 0.1; Df = 1.76). (c) True RLA (ζ = 0.01; 
Df = 1.93). 
 
 
2.3  Organic Single Crystals 
Organic thin films, despite their importance for practical applications, are associated 
with structural imperfections (e.g., grain boundaries) and chemical impurities, which 
inhibit fundamental understandings of the intrinsic electronic properties in organic 
semiconductors. Organic single crystals, on the other hand, are perfect systems with high 
a b c
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material purity, excellent crystalline quality and nanoscale surface smoothness, which are 
of both fundamental and practical interests. In particular, organic single crystals provide 
an ideal platform for exploring the intrinsic charge transport characteristics and 
structure/property relationships. In this section, the methods of growing high quality 
organic single crystals will be introduced, and then the structural order and electrical 
properties of a model organic single crystal, i.e., rubrene, will be present in detail.  
2.3.1 Growth Methods 
In order to examine the intrinsic electronic properties of organic materials, field 
effect structures on the surface of free-standing organic single crystals have been 
adopted.
54-56
 To fabricate such a single crystal OFETs, high quality organic single 
crystals with at least a few micrometers in size have to be formed directly on prepared 
surfaces. If structural determination is concerned, the size of the crystals needs to be at 
least several tens of micrometers. Thus, different methods have been developed to grow 
organic single crystals, including solution, gas-phase, and melt-growth methods.
57
  
Solution growth methods are designed for organic molecules that are soluble in 
organic solvents over a range of temperatures and pressures. For highly soluble organic 
molecules, the most efficient way to grow organic single crystals in solution is to use the 
co-called “solvent evaporation method”. In this method, a saturated solution of the 
organic molecules is uncovered to allow the solvent to evaporate. The resulting 
supersaturated solution then enables the organic molecules to spontaneously nucleate and 
grow into big crystals. For organic molecules with solubility that is moderate at room 
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temperature but changes significantly with temperature, another solution growth method 
named “slow cooling method” is adopted. In this case, the saturated solution is prepared 
in high temperature and as the temperature slowly decreases, the solution becomes 
supersaturated and the organic molecules spontaneously form nuclei and grow into large 
crystals. There are other solution growth methods according to the properties of the 
organic materials, e.g., the “vapor diffusing method”, the “liquid-liquid diffusion 
method”, etc. Table 2.2 summaries several major solution growth methods. The brief 
procedure, the properties of organic materials as well as examples of organic molecules 
are presented. 
Table 2-2 Solution growth methods of organic single crystals. [ref 57] 
Method Brief Description Examples 
Solvent evaporation 
Supersaturated solution forms when 
solvent evaporates. Seeds 
spontaneously form and grow into 
larger crystals. 
poly(3-hexylthiophene) 
(P3HT) 
Slow cooling 
Seeds spontaneously form when hot 
saturated solution is cooled.  
rubrene 
Vapor diffusion 
Volatile poor solvent evaporates and 
diffuses into the saturated solution, 
leading to an oversaturated solution. 
Seeds spontaneously form. 
tetrathiafulvalene-
tetracyanoquinodimethane 
(TTF-TCNQ) 
Liquid–liquid 
diffusion 
Low-solubility solvent diffuses into 
the high-solubility solvent layer, 
forming a saturated solution at the 
interface between the solvent layers. 
Triisopropylsilylethyny 
pentacene 
(TIPS-pentacene) 
 
The most commonly used growth method for organic single crystals is physical 
vapor transport (PVT)
58
 since most organic molecules have low melting temperature and 
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low sublimation temperature. PVT combines the purification process of the organic 
materials and the growth of organic single crystals. Therefore, crystals with very high 
purity can be obtained by PVT. PVT can be performed in an open, closed, or semi-closed 
system.
57
 PVT in an open system, which is the simplest and most widely used, will be 
introduced in the following.  
 
Figure 2.10 Crystal growth apparatus and different temperature zones. 
 
A schematic of PVT in an open system is depicted in Figure 2.10. An inert gas is 
flowing in the open system of a horizontal tube reactor with different temperature zones. 
The source material is placed in the hottest region of the reactor and the crystal growth 
occurs within a narrow temperature range near the cold region of the reactor. Note that 
the organic single crystals and impurities deposit at different regions of the reactor 
because of their different molecular weights. The rate of sublimation, deposition, and 
crystal growth is controlled by the flow rate of the inert gas which also protects the 
T1 T2
Ar
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organic materials from oxidation. Typical inert gases used for PVT include H2, Ar, and 
N2. 
The crystal growth in such a horizontal tube can be understood with a model 
proposed by Laudise et al.
58
 The inert gas is assumed to be Poiseuille flow with a circular 
jet structure. A flow rate of 50 ml/min thus gives rise to a mean velocity of 12 cm/s and a 
maximum velocity of 24 cm/s for the jet exiting a 3 mm inlet tube. The maximum 
velocity (    ) of the jet before it enters the source and growth zone is given by: 
       
       Equation 2.15 
where ν is the kinematic viscosity of the gas, x is the distance from the inlet tube, and K’ 
= 4Q
2/3πa2 and is the kinematic momentum. K’ is determined by experimental conditions 
as Q is the volume flow rate and a is the radius of the inlet tube. Therefore,      is 
affected by the experimental conditions as well as the properties of the carrier gas. Also, 
as the distance from the exit plane of the inlet tube increases, the maximum velocity of 
the jet decreases.  
The distribution of velocity across the circular jet can be described by  
       (  )     (  ) Equation 2.16 
where r is radial coordinate measured from the jet axis.   is a dimensionless parameter 
and has been used to estimate how the jet broadens as the jet travels to the downstream of 
the tube. As can be seen from the above equation,   decreases as x increases; that is, the 
jet broadens as the gas moves down the tube.  
Two important factors that influence the quality of the crystals are the temperature 
and the inert gas flow rate. The sublimation temperature is usually set near the melting 
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point of the desired material, and the temperature gradient needs to be adjusted for a 
particular material. If very high purity crystals are desired, the temperature gradient needs 
to be sufficiently small (2-5 °C/cm). In terms of the flow rate, since it has been observed 
in several organic materials that the slower the growth process, the better the crystal 
quality, low flow rate is typically preferred.  
In addition to the aforementioned solution and vapor growth methods, melt growth 
method can also be employed to grow some organic single crystals. However, typical 
melt growth approaches including Czochralski, Bridgman, or floating zone methods,
57
 
are more commonly used for growing large crystals of inorganic semiconductors because 
organic materials usually have high vapor pressure and chemical instability around their 
melting points. Examples of organic materials that have been grown by melt growth 
methods are those cheap and largely available ones including naphthalene, anthracene, 
tetracene, etc. 
2.3.2 Rubrene Single Crystals 
Among all organic materials, rubrene (5,6,11,12-tetraphenyltetracene) sets the 
performance standard for single crystal OFETs with reproducible intrinsic carrier 
mobility up to 20 cm
2
V
-1
s
-1
 at room temperature.
33
 Also, the carrier mobility in rubrene 
shows band-like temperature dependence. This section will briefly introduce some 
important properties of physical vapor transport grown rubrene single crystals, including 
the crystal structure and morphology, the band structure and transport properties, and the 
mechanical properties.  
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 The molecular structure of rubrene is shown in Figure 2.11. PVT grown rubrene 
single crystals adopt an orthorhombic structure with four molecules per unit cell and 
lattice parameters of a =14.44 Å, b = 7.18 Å and c = 26.97 Å.
59
 Most of the crystals are 
shaped as elongated “lath”, as shown in the optical micrograph in Figure 2.11e. The 
larger facets are parallel to the a-b plane and typical in-plane dimensions are around a 
few square millimeters for rubrene. The thickness of the crystals can vary over a wide 
range and is usually controlled by the length of the growth period. The lath-like crystal 
shape indicates that the growth rate in different crystallographic directions is anisotropic, 
which is a result of the anisotropy of intermolecular interactions. In general, the larger 
crystal dimension corresponds to the direction of the strongest interactions, i.e., the 
strongest overlap between π-orbitals of adjacent molecules. Therefore, the fastest growth 
direction of lath-like rubrene crystals also exhibits the highest field effect mobilities. The 
surface morphology of rubrene single crystals can be characterized by atomic force 
microscopy (AFM). Typical AFM images of pristine rubrene surfaces show flat terrace 
structures, as shown in Figure 2.11f. The width of the terraces varies from several 
micrometers to several tens of micrometers. The height of each terrace is around 13-14 Å, 
indicating that each terrace is a monomolecular step. Also, the terraces tend to be parallel 
to the fastest growth direction, or the π-stacking direction. 
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Figure 2.11 Crystal structure of rubrene single crystal. 
(a)-(d) Crystal structure of rubrene. (e) Optical image of rubrene single crystal. (f) AFM 
topography of rubrene single crystal (001) face. Inset: step height profile of the white dashed line. 
 
The origin of the excellent carrier mobilities and the significant mobility anisotropy 
in rubrene single crystals is believed to be the packing motif which gives rise to unique 
electronic coupling (Figure 2.11b-d). The electronic coupling between adjacent 
molecules, or the interchain transfer integral, t, is a key parameter to describe the band-
like, intrinsic transport. The computation work carried out by Bredás et al.
60
 found that 
larger transfer integrals in rubrene are along the b direction (π-stacking direction), which 
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lead to bandwidths of 340 and 160 meV for holes and electrons, respectively. They found 
that the smaller transfer integrals are along the diagonal directions of rubrene a-b plane. 
The transfer integrals found for all other directions are negligible. 
To put the transfer integrals in the context of rubrene packing, we can see that the 
long molecular axes (the tetracene backbone) in rubrene are embedded in the a-b plane. 
Thus, the long molecular axes of adjacent molecules along the diagonal direction (the 
herringbone direction) are almost perpendicular. Therefore, the transfer integrals along 
the diagonal directions are smaller without efficient overlap. Along the b direction of 
rubrene, however, there is significant π-overlap between adjacent molecules with a 
stacking distance of 3.74 Å. Although this π-stacking distance is quite large, it leads to no 
displacement along the short molecular axes. The molecules along the b direction thus 
interact strongly with each other and larger transfer integrals are calculated in b direction. 
Along the a direction, the distance between adjacent molecules is 14.44 Å, which is too 
large for any electronic overlap. As a result, a charge carrier travelling along the a 
direction is expected to make its way through the diagonal direction and hence the 
transfer integral along the diagonal can be used to understand the transport along the a 
direction.   
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Chapter 3 Scanning Probe Microscopy  
 
3.1  SPM overview 
Scanning probe microscopy (SPM) is a family of probe-based surface 
characterization techniques that images surface features and near-surface physical 
properties at the length scales of 100 μm to sub-nanometers by sensing the forces 
between the probe and the sample. The field of SPM began emerging with the invention 
of scanning tunneling microscopy (STM) and atomic force microscopy (AFM) by Binnig 
et al. in the 1980’s.61, 62 The past few decades have witnessed a revolution of this field 
with the development of numerous advanced SPM techniques and novel applications.
63-66
 
The capabilities provided by SPM to interrogate and manipulate various materials 
properties at the atomic, molecular, and nanoscale in controlled environments have made 
SPM a versatile method in surface physics and chemistry, as well as nanoscience and 
nanotechnology. This chapter will present the fundamental physics, instrumentation, and 
practical applications of SPM. Particularly, several advanced SPM solutions for novel 
and improved materials characterization will be introduced in detail, including scanning 
Kelvin probe microscopy (SKPM), electrostatic force microscopy (EFM), friction force 
microscopy (FFM), and transverse shear microscopy (TSM).  
3.1.1 Principle of SPM 
In all SPM techniques, an image of the studied surface is constructed by measuring a 
local physical quantity related with the interactions between a sharp probe and the sample 
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surface. Different members of the SPM family differ in the nature of the physical 
phenomenon involved in the interactions, and hence various physical properties such as 
conductivity, static charge distribution, local friction, etc., can be measured. A generic 
SPM setup is shown in Figure 3.1. Before delving into the details of how a SPM works, 
the typical components of a microscope
67
 are introduced below.  
 
Figure 3.1 Scanning probe microscopy setup. 
 
Piezoelectric Scanner. Piezoelectric scanners are critical elements in SPM. A 
piezoelectric scanner is made of piezoelectric ceramic materials that changes dimensions 
in response to an applied electric field and conversely accumulates charges when 
mechanical stress is applied. Typically, a piezoelectric scanner in SPM can move the 
sample in the x, y, and z directions using a single tube piezo. The lateral movements of 
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the scanner can range from tens of angstroms to over 100 microns. In the vertical 
direction, a piezoelectric scanner can distinguish height differences from sub-angstrom to 
about several microns. However, along with these essential properties are challenges 
associated with piezoelectric scanners, namely the xy-z cross-coupling, and the z 
nonlinearity. Since the unit cell of the crystalline piezoelectric material cannot expand or 
contract in one direction without changing the others, the movements in x, y, and z in a 
piezoelectric tube scanner are actually coupled. The cross-coupling between the xy 
directions and the z direction, in particular, is not programmable to be removed in typical 
piezoelectric scanners. Thus, the x-y motion can cause unwanted z motion resulting in 
distortion of the images. Also, the displacement of z is measured by the change of 
intrinsically nonlinear applied z bias, which is assumed linear. A false curvature of the 
measured surface is thus resulted. 
Probe. A SPM probe
68
 is composed a free-swinging micro-cantilever and a sharp tip. 
Typical cantilevers are v-shaped or rectangular shaped. The dimensions of the cantilevers 
are on the scale of microns, usually several microns in thickness, several tens of microns 
in width, and a few hundreds of microns in length. The radius of the tip is usually on the 
scale of a few nanometers to a few tens of nanometers. Most SPM probes are made from 
silicon (Si) or silicon nitride (Si3N4). The tip is brought close to the sample surface during 
SPM operation, and the cantilever is deflected by the interaction. Therefore, two 
important parameters that characterize a probe are the force constant and the resonant 
frequency, which have to be chosen according to the particular sample and SPM mode. 
The surface of the tip can be modified by some conductive or magnetic coatings. Usually, 
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the back of the cantilever is also modified with reflective coatings in order to facilitate 
cantilever deflection detection, which will be described below.  
Cantilever Deflection Detection. To detect the displacement of the cantilever, a 
laser beam based cantilever detection scheme is employed. The cantilever reflects the 
laser beam off it and the reflected laser spot is then displaced in a position sensitive 
photodetector when the cantilever deflects. As shown in Figure 3.1, the photodetector has 
four quadrants, each of which outputs a voltage proportional to the intensity of the laser 
impinging on it. The vertical and lateral displacements of the laser spot caused by the 
cantilever’s deflection and twisting can thus be quantified by the vertical and horizontal 
differential output of the photodetector. Therefore, the normal and laterals forces due to 
the tip-surface interactions can be quantified.  
Tip-Surface Interaction. The interaction forces between the tip and the sample are 
key to SPM operation. There can be very different forces dominating at different tip-
sample distances
69
 as depicted in Figure 3.2. During contact and the surface deformation 
by the tip, the elastic repulsion force dominates; this approximation is called the Hertz 
model. At tip-sample distances of the order of several tens of angstrom, the major 
interaction is the intermolecular interaction, i.e., the Van der Waals force. At the same 
distance between the tip and the sample and in the presence of liquid films, the 
interaction is influenced much by capillary and adhesion forces. At larger tip-sample 
distances, the electrostatic interaction starts to dominate. Depending on different tip-
sample distance, there are different SPM imaging modes, namely the contact mode, non-
contact mode, and intermittent contact mode.  
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Figure 3.2 Tip-sample interaction. [http://www.ntmdt.com/spm-basics/view/probe-sample-
interaction-potential] 
 
With the knowledge of the major components in SPM, the basic operational 
mechanism of contact mode, for example, can be simply described as follows. A sharp tip 
integrated with a flexible cantilever is brought close to the surface of the sample. The 
force between the tip and the surface deflects the cantilever, and the deflection is 
quantified by a laser beam reflected from the cantilever surface into a split photodetector. 
The difference between the photodetector signal and the operator-specified set-point 
drives the feedback circuit to displace the piezoelectric scanner in z direction to null the 
difference. At the meantime, the piezoelectric scanner moves the sample under the tip in 
a raster fashion, resulting in a map of the z displacements for a two dimensional area. 
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3.1.2 Operational Modes 
As mentioned previously, there are two distance regimes, i.e., contact regime and 
non-contact regime. The SPM imaging techniques can thus be categorized into contact 
mode and non-contact mode.
67, 70
 The following section presents a detailed description of 
the two techniques. 
Contact mode. Contact mode is also known as DC or quasistatic mode, where the 
tip makes soft physical contact with the sample surface. The contact force leads to the 
cantilever to deflect. The deflection of the cantilever (∆x) is proportional to the force (F) 
acting on the tip, according to Hook’s law,        , where k is the spring constant. 
The probe used in contact mode is characterized with low spring constant, lower than the 
effective spring constant holding the atoms of the sample together. 
The scenario of contact mode can be better understood with the aid of a force 
curve,
65
 which is a plot of the cantilever deflection versus tip-sample distance. A 
schematic of a typical force curve is depicted in Figure 3.3. When the tip approaches 
from the far right side of the curve, where the separation between the tip and the surface 
is very large, the cantilever exhibits a constant deflection which is determined by the 
applied force and the spring constant of the cantilever. As the tip travels closer and closer 
to the surface and just prior to contact, the attractive force accelerates the tip to the 
surface, illustrated as the sudden increase of the cantilever deflection. After this so-called 
snap-to-contact, as the tip keeps approaching the surface, the cantilever bends up as 
depicted in Figure 3.3, and the force increases from 2 to 3. When the tip retracts, the 
force curve retracts itself. However, the contact is not broken until 4 is reached, where the 
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pulling force is large enough to snap the tip off the surface. The “stick” of the tip until 4 
arises from the adhesion force between the tip and the surface. The adhesion force 
usually arises from the liquid meniscus layer developed at the sample-tip interface.  
 
Figure 3.3 Force curve in contact mode AFM. 
 
Contact mode can generate the topographic images in two modes, i.e., constant 
height mode and constant force mode. The former is typically used for obtaining tiny 
lattice resolution images. The height of the scanner is fixed so that the spatial variation of 
the cantilever deflection can be used to directly obtain the topographic data. In the latter, 
there is a user-defined deflection set-point (a fixed external applied load). Therefore, a 
constant degree of cantilever bending is maintained so that Z (either sample or tip) is 
displaced up and down as the tip travels over the hills and valleys of the surface. The 
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accuracy of how Z displacements trace the topography is determined mainly by the 
intrinsic speed of the feedback circuit, the user-selected gain settings, and the scan speed.   
The drawback of contact mode is that the lateral force exerted on the sample can be 
quite high and can result in sample damage and/or the movement of relatively loosely 
attached objects. Therefore, a dynamic AC mode, also known as tapping mode, which 
oscillates the cantilever during imaging is more desirable as it has little or no contact with 
the surface and allows nondestructive imaging of soft samples.  
Tapping mode. In tapping mode,
71
 the cantilever is driven to oscillate at its natural 
resonance frequency. Thus, instead of being constantly dragged across the sample surface 
like in contact mode, the tip touches the surface only for a short time in each oscillation 
cycle. This effectively lessons sample damage that is otherwise common for contact 
mode. It also better preserves the tip, which is especially important when sample-to-
sample comparisons are concerned. Tapping mode is the dominant imaging mode 
nowadays.  
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Figure 3.4 Tapping mode amplitude-Z curve and different operation regimes. 
(a) Amplitude-Z curve for tapping mode. (b) Impact of net attractive force on the resonant 
response. (c). Impact of net repulsive force on the resonant response.  
 
Like contact mode, tapping mode can also be understood from the force-distance 
behavior, but in this case, the “force curve” plots the tip amplitude versus the Z 
displacement as shown in Figure 3.4a. Before tip approaching, the cantilever oscillates 
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close to its resonant frequency, and hence the amplitude is equal to the free amplitude (A 
= Afree). As the tip approaches the sample surface, the amplitude is reduced (A < Afree) due 
to the force gradients acting on the cantilever including van der Waals force, dipole-
dipole interaction, etc., and damping. The amplitude is smaller as the tip is closer to the 
surface. Similar to contact mode, a user-defined set-point (amplitude) is employed. 
Instead of amplitude set-point in raw units of Volt, a more meaningful setting is to use 
the ratio of the set-point amplitude to the free amplitude. When the tip scans across the 
sample surface, a feedback circuit detects the deviation of the measured amplitude from 
the set-point amplitude and moves Z up and down to maintain a constant amplitude ratio.  
Although force is not directly measured in tapping mode, the nature of the force, 
whether it is purely attractive or combination, can be used to divide tapping mode into 
two dynamic interaction regimes. The impact of attractive and repulsive forces on the 
frequency-dependent resonant response is described in Figure 3.4b and 3.4c. When only 
attractive force is encountered as the tip oscillates towards and away from the surface, it 
reduces the effective spring constant (k) of the cantilever since the attractive force is 
opposite to the restoring force of the cantilever. The resonance frequency (F0) is thus 
reduced because F0 is proportional to the square of k. Therefore, the resonant response 
curves shifts to the left with net attractive force as shown in Figure 3.4b, and vice versa. 
Such resonant response shifts necessarily result in a reduced amplitude at the original 
resonant frequency F0, which is the key to the instrument operation. Note in actual 
images, one can use the sign of phase lag to diagnostically determine whether it is net 
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attractive or net repulsive because phase shifts have different signs for net attractive and 
net repulsive. 
Based on the different interactions between the tip and the sample, more and more 
advanced SPM techniques that explore different materials properties have been 
developed. Techniques based on both contact mode and tapping mode will be discussed 
in the following. 
 
3.2  Lateral Force Microscopy 
As mentioned above, the normal force during contact mode is accompanied by large 
lateral force. The normal force, which gives rise to the deflection of the cantilever in the 
vertical direction, is used to drive a feedback circuit that generates the topographic 
information of the sample surface. The lateral force, which causes cantilever deflection in 
the direction parallel to the surface plane (cantilever twisting), can be measured with 
lateral force microscopy (LFM). Conventional LFM images the friction forces arising 
from tip-sample interactions and is thus referred to as friction force microscopy (FFM).  
Since friction force is very sensitive to the materials composition, FFM can be used to 
identify materials inhomogeneity at sample surface. Recently, a novel variant of LFM, 
termed as transverse shear microscopy (TSM), has been developed. It detects the lateral 
shear forces particular to the tip motion and is sensitive to a tensor shear modulus of the 
surface material. This section will give a brief introduction to the operational principles 
and applications of FFM and TSM. 
  48 
3.2.1 Friction Force Microscopy  
FFM, a conventional form of LFM, measures the sliding frictional force applied to 
the cantilever when it moves horizontally across the sample surface in contact mode.
72
 
The fast scan direction in FFM is perpendicular to the long axis of the cantilever. When 
there are changes of the surface friction and/or the slope of the surface, the frictional 
force exerts a torque on the tip, causing twist of the cantilever, as illustrated in Figure 3.5. 
Therefore, by measuring the lateral cantilever deflection (friction), FFM is capable of 
detecting the inhomogeneous compositions of the sample surface, as well as imaging 
edges of abruptly changing slopes at the sample surface.  
 
Figure 3.5 Cantilever twisting in FFM and friction. 
(a) Contrast caused by change in surface friction. Friction shows scan-direction dependence. The 
total friction is given by the height of the friction loop. (b) Contrast caused by change in surface 
topography. Total friction is shown. 
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 In the case where there is difference in the surface composition but the change in 
surface slope is absent, FFM measures the dissipative frictional force. As depicted in 
Figure 3.5a, the cantilever may experience larger friction in some areas, leading to larger 
cantilever twist. The magnitude of the friction, under a constant normal force, is 
proportional to the frictional coefficient (μ) of the surface material, according to equation, 
         . In a second case, where there is only change in the surface slope, the 
cantilever may twist when it encounters steeper slopes, as illustrated in Figure 3.5b. 
Clearly, the slope produces an off-vertical normal force at the tip-sample contact, whose 
lateral component contributes to the total lateral force. Therefore, different lateral 
deflections are expected when the tip scans up and down hill. The lateral twist of the 
cantilever is detected by a position sensitive photodetector. As introduced above, the 
photodetector is composed of four quadrants, which are denoted as A, B, C, and D, in 
Figure 3.1. The lateral signal can thus be expressed by the difference in the signals 
recorded in the right cells (B + D) and the left cells (A + C); that is, the friction is given 
by (B + D) - (A + C).  
Note that the twist of the cantilever is also dependent on the scan direction since 
frictional force is exerted in the opposite direction as the relative tip-sample motion. 
Thus, the frictional force twists the cantilever towards right when the cantilever moves 
from left to right; whereas, the cantilever twist is towards left when the relative motion 
between tip and sample is from right to left. As a result of the scan direction dependence 
of the cantilever twist, there is a so-called “friction loop” as friction data are acquired in 
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both scan directions (trace and retrace). The height of the friction loop, as indicated in 
Figure 3.5a, is typically used to quantify the magnitude of the friction.  
Macroscopically, friction between sliding bodies can be viewed as collective and 
interdependent mechanical behavior of a multitude of small contacts between shearing 
surfaces which are constantly formed, deformed, and ruptured.
73
 Fundamental 
understanding of the sliding friction is difficult due to the complexity of the tribological 
processes. Thus, atomic friction experiments, which measure the forces involved in the 
sliding of single asperity contact, have been carried out to provide the atomistic picture of 
friction. By sliding a sharp tip over an atomically flat surface, the sliding is found to 
adopt an atomic “stick-slip” movement with the same periodicity as the atomic lattice. 
There are preferred atomic positions for the tip and the lateral force arises when the tip is 
not above one of the preferred positions. Thus, when the tip is sliding over the surface, 
the tip will be stuck to a preferred lattice site until the lateral force becomes large enough 
for the tip to jump to the next preferred position.  
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Figure 3.6 Friction measurements over a NaCl (100) surface. [ref 74] 
(a) Normal load is negative to compensate the adhesive force between the tip and surface. (b)  
Small normal load is applied. Atomic stick-slip behavior is demonstrated as the saw tooth-shaped 
friction signal. Hysteresis between forward and reverse scan quantifies the energy dissipation. 
The green bar is equivalent to the effective stiffness of the system. 
 
Figure 3.6 shows the lateral force measured when the tip scans over a NaCl (100) 
surface in trace and retrace.
74
 A small normal load is applied in this case. As can be seen, 
atomic stick-slip behavior gives rise to saw tooth-shaped lateral force signals. Note that 
there is a hysteresis between trace and retrace, which reflects energy dissipation in the 
process. Therefore, friction between two sliding bodies is related to energy dissipation 
and the rise in dissipation can be corresponded directly to the mechanical instabilities on 
the atomic scale. 
FFM has resulted in many interesting applications due to its material and chemical 
sensitivity, as well as the sensitivity to molecular arrangements and to local structural 
disorder.
75-82
 Figure 3.7 shows an example when FFM can be used to determine the 
compositions of mixed monolayer systems.
77
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Figure 3.7 Friction as a function load for alkanethiol monolayers on Au and alkylsilane 
monolayers on mica. [ref 77] 
 
Friction as a function of load curves are measured on the alkanethiol (CH3-(CH2)n-1-
SH, n = 18, 11, 12, 8, 6) monolayers self-assembled on Au and alkylsilane (CH3-(CH2)n-
1-SiCl3) monolayers self-assembled on mica with the same Si3N4 tip. The friction curve 
of freshly cleaved mica is used as the reference. For the alkanethiol monolayers (Figure 
3.7a), the friction curves for the C18, C11, and C8 layers are very similar. The curve for 
the C12 layer lies below all other curves, and the frictional forces for the C6 layer are 
roughly twice as large. All curves lie below the curve for mica. For the alkylsilane 
monolayers (Figure 3.7b), C18 and C12 layers show the lowest friction and C8 and C6 
layers exhibit the higher friction. The frictional forces for the C6 layer are much larger 
than those for C8, C18 and C12, and are also larger than that for mica on high loads.  
The differences in the frictional forces can be understood by the structural orders of 
the self-assembled monolayers. For example, the alkanethiol monolayers with n = 18, 12, 
11, and 8 are densely packed and well-ordered, whereas no order was observed on the C6 
a b
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layers. Also, when going from a thiol to a silane anchor, disorder increases and thus the 
silanes exhibit larger friction than the thiols. As a result, the different self-assembled 
monolayers can be distinguished by friction forces in spite of the identical methyl 
terminal groups and similar surface energy of these films. 
3.2.2 Transverse Shear Microscopy  
TSM, a novel variant of LFM, measures a different lateral force than sliding friction, 
that is, the transverse shear. The operational difference between FFM and TSM lies in the 
angle between the scan direction and the cantilever long axis (Figure 3.8). In TSM, the tip 
scans over the surface in a direction parallel to the cantilever long axis so that the lateral 
torque of the cantilever only originates from the transverse shear, as shown in Figure 
3.8a. Work by Last et al.,
83
 Puntambekar et al.,
84
 and Kalihari et al.
85, 86
 have 
demonstrated TSM as a powerful tool to identify the crystallographic orientation of the 
sample surface.     
 
Figure 3.8 Scan direction, cantilever torque, and lateral force of TSM and FFM. [ref 86] 
 
a b
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Kalihari et al.
85, 86
 first reported detailed investigations on the tip-sample shear 
interactions and the contrast mechanism of TSM by comparing the tip velocity and the 
temperature dependence of the cantilever twist in TSM and FFM. Key findings of this 
work are summarized below:  
1. TSM signal (trace - retrace) can be either positive or negative whereas the frictional 
force measured in FFM is always positive. This is because in TSM, the trace scan can 
result in either clockwise or counter-clock twist and the retrace scan results in the 
opposite twist. The TSM signal (proportional to trace minus retrace scan) is therefore 
either positive or negative. However, in FFM, the trace scan always induces a 
clockwise twist of the cantilever and the retrace scan always induces a counter-
clockwise twist. This gives rise to friction signal that is always positive.  
2. Transverse shear response is non-activated while friction response is activated. As 
shown in Figure 3.9d, TSM signal at room temperature is completely independent of 
the tip velocity. However, friction signal shows a logarithmical increase with velocity 
at lower velocities due to thermally activated motion of the contact atoms (Figure 
3.9b). Friction becomes constant only when the velocities are high enough so that 
thermal activation ceases to be relevant. Also, at constant tip velocity, increasing the 
sample temperature decreases the friction loop height while the TSM loop height 
remains the same (Figure 3.9a and 3.9b).  
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Figure 3.9 Friction and TSM measurements of pentacene. [ref 86] 
(a) FFM of pentacene at different temperatures along [110] direction. Friction force is 
proportional to trace minus retrace. (b) TSM of at different temperatures along [110] direction. (c) 
Tip velocity dependent friction signal at room temperature. (d) Tip velocity dependent TSM 
signal at room temperature. 
 
3. TSM signal is related to elastic deformation at the tip-sample interface, which is 
determined by the in-plane elastic modulus of the surface material. Thus, for 
materials with elastic anisotropy, TSM contrast shows a crystallographic dependence. 
Friction, on the other hand, is dominated by the activated, stick-slip behavior, and the 
effect of elastic deformation is hence largely masked. 
Overall, TSM minimizes the torque caused by the activated, stick-slip phenomena as 
in FFM by scanning the sample in a direction parallel to the long axis of the cantilever. It 
is therefore sensitive to the elastic deformation at the tip-sample interface, affording the 
capability of imaging elastic anisotropy at high resolution. 
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3.3  Scanning Kelvin Probe Microscopy and Electrostatic 
Force Microscopy 
Scanning Kelvin probe microscopy (SKPM) and electrostatic force microscopy 
(EFM) are another two important members in the SPM family. By imaging the surface 
potential via the Coulomb interactions with high spatial resolution, SKPM and EFM 
provide two main workhorses for local probing of electrical properties at various organic 
semiconductor surfaces and interfaces. Moreover, the simultaneously obtained 
topography data along with the highly resolved electrical and electronic information in 
both SKPM and EFM allow the examination of structure-property relationships which are 
central in the Materials Science of organic semiconductors. As a result, SKPM and EFM 
have been used extensively in the field of organic electronics for characterization of the 
nanoscale electrical properties at surfaces and interfaces of organic semiconductors.
23, 25, 
63, 87-92
 The non-invasive nature of SKPM and EFM also enables the investigations of 
active organic electronics devices.
26, 93-96
 In this section, several key technical aspects of 
SKPM and EFM directly related to their important scientific applications will be 
introduced, including the instrumentation, the working principles, and the 
sensitivity/resolution.  
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3.3.1 Operation Mechanism of SKPM 
SKPM, also known as Kelvin probe force microscope (KPFM), was first developed 
by Nonnenmacher et al.
97
 and Weaver et al.
98
 It allows to image surface electronic 
properties, namely the contact potential difference (CPD).
99
 The name “Kelvin probe” 
originates from the macroscopic method developed by Lord Kelvin in 1898 using a 
parallel capacitor arrangement to explain the formation of built-in CPDs in metals.
100
  
An important concept involved in this phenomenon is the work function (Φ), which, 
simply put, is the minimal energy needed to remove an electron from the electronic 
ground state in a given material. In metals, Φ is usually defined as the difference in 
energy between an electron at the vacuum level and that at the Fermi level of the metals. 
In semiconductors or insulators, Φ can be regarded as the difference in energy between 
the vacuum level and the most loosely bound electrons inside the solid. When two plates 
of a capacitor composed of materials with different Φ are electronically connected, 
electrons flow from the plate with low work function (Φ1) to that with high work function 
(Φ2) until Fermi levels of the two materials reach equilibrium, as shown in Figure 3.10. 
As a result of the electron transfer, opposite charges are generated on the capacitor, which 
creates an electric field between the two capacitor plates and a gradient in the vacuum 
level Evac. The local drop of vacuum level across the gap is thus referred to the CPD and 
it is equal to the work function difference between two materials. Since the electric field 
can be easily detected, an external bias (Vc) can be applied to null the electric field as 
shown in Figure 3.10. At equilibrium, the electric field is zero and Vc is equal and 
opposite to the CPD, which equals the work function difference between the two 
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materials. Therefore, with a reference plate (known Φ1), the work function of the other 
plate (Φ2) can be easily calculated with  
            Equation 3.1 
where q is the elementary charge. This method can therefore be used to determine the 
work function of different materials.  
 
Figure 3.10 Schematic of the Kelvin probe method. 
(a) Two metals with different work functions, Φ1 and Φ2. (b) When the two metals are electrically 
connected, Fermi level align, leading to a contact potential difference and an electric field 
between the two materials. (c) An external potential equal to CPD is applied to remove the 
electric field.  
 
The Kelvin probe method was later optimized by Zisman,
101
 who adopted a vibrating 
reference surface instead of a stationary reference. Since the oscillation of the reference 
plate induces change of the capacitance (C) and hence the voltage at the reference, a 
small alternating current is induced, and is given by:  
  (       ) 
  
  
 Equation 3.2 
where Vc is applied between the two plates until the current goes to zero such that 
         . Although the Kelvin probe method provides high electrical resolution, the 
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measured Φ is an average of the local work functions over the entire plate (or probe) 
surface which typically ranges from several tens of micrometers to several millimeters. It 
is therefore impossible to discern any local variations of the work function by Kelvin 
probe.  
SKPM shares similar principle with the Kelvin Probe. However, by replacing the 
reference plate with a very sharp tip (several tens of nanometers), SKPM allows the 
measurement of Φ with high spatial and electrical resolution. Also, instead of measuring 
current as in traditional Kelvin probe method, SKPM detects the electrostatic force that is 
directly related to the electric field. This is because the reduction of capacitor plate size 
(from a macroscopic plate to the apex of a sharp tip) greatly suppresses current 
generation and leads to poor sensitivity. 
 
Figure 3.11 Schematic of scanning Kelvin probe microscopy. 
 
VAC
d
Lock-in Circuit 
& Feedback
Loop
Amplitude VDC
(Frequency)
1st
2nd
  60 
A typical two-pass (or lift mode) SKPM setup is shown in Figure 3.11. In the first 
pass, a conductive tip scans the sample surface in normal tapping mode to obtain the 
topographic data. The tip is then lifted a constant height (d) above the topography such 
that the tip only interacts electrostatically with the sample surface, i.e., the short range 
van der Waals interaction is eliminated. Importantly, in the second pass, the mechanical 
oscillation is turned off and an alternating external bias (VAC) at frequency ω, as well as a 
DC bias (VDC) is applied to the tip. Therefore, the voltage (ΔV) between the tip and the 
sample is given by:  
                      (  ) Equation 3.3 
Thus, with the energy of a parallel plate capacitor    
 
 
    , the electrostatic 
force exerted on the tip due to the electric field can be written as: 
    
  
  
   
 
 
  
  
                  Equation 3.4 
where the spectral components are  
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 ) Equation 3.5  
     
  
  
(         )       (  ) Equation 3.6 
      
 
 
  
  
   
    (   ) Equation 3.7 
Here, the ω component of the electrostatic interaction is used to measure the CPD. 
As can be see, when Fω is zero, VDC is equal to VCPD. Therefore, a two-dimensional CPD 
map can be obtained by recording VDC at each pixel as the tip raster scans the surface. The 
CPD, which is equal to the work function difference between the tip and the sample, can 
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be used to determine the work function of the sample given that the tip work function is 
known. As mentioned above, the sharp tip employed in a SKPM setup affords SKPM the 
capability of imaging subtle variations of work function in high spatial resolution. More 
details about the sensitivity and resolution of SKPM will be discussed later in this 
chapter.  
3.3.2 Operation Mechanism of EFM 
EFM is another important electrical characterization technique and shares very 
similar principles with SKPM. As described above, SKPM uses an external DC bias to 
compensate the electric field and thus to directly measure the CPD. EFM, on the other 
hand, does not compensate the electric field; instead, it directly records the electrostatic 
force gradients and frequency shifts. Therefore, EFM is simpler and higher imaging 
speed can be achieved by avoiding the DC feedback loop. Also, higher spatial resolution 
can be achieved by EFM.
102
 However, such advantages of EFM also come with a major 
drawback, i.e., the lack of quantitative measurement of CPD. 
The setup of a typical two-pass EFM is depicted in Figure 3.12. As in SKPM, the 
topography is scanned in the first pass and the second pass is performed at a constant 
distance above the topographic trajectory so that there is only long-range electrostatic 
interaction between the tip and the sample. However, unlike in SKPM, the tip is still 
mechanically oscillating in the second pass and a constant DC bias (VDC) is applied to the 
tip. The oscillating frequency shift of the cantilever (Δω) or the phase lag (Δθ), arising 
from the electrostatic force gradient, is recorded.  
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Figure 3.12 Schematic of electrostatic force microscopy. 
 
The frequency shift and the phase lag can be written as 
     
  
  
  
  
 Equation 3.8 
     
 
 
  
  
 Equation 3.9 
where ω0 is the resonant frequency, k is the spring constant, and Q is the quality factor of 
the cantilever, which is defined as the ratio of energy stored in the cantilever to the 
energy supplied by a generator per cycle to keep signal amplitude constant at the resonant 
frequency. 
Recall that the electrostatic force (F) is a function of the first order gradient of the 
tip-sample capacitance, as well as the voltage difference between the tip and the sample. 
Therefore, the frequency shift and the phase lag as a result of the electrostatic force can 
be rewritten as 
d
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  Equation 3.10 
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  Equation 3.11 
 
 
Figure 3.13 Determination of the CPDs in different domains of pentacene bi-layers by EFM 
frequency shifts at different applied biases. 
(a) EFM frequency shift image of pentacene bi-layer at biases from -2V to 2.5 V. (b) Plot of EFM 
frequency shift as a function of tip bias for the three different domains. The peaks of the 
parabolas indicate the CPDs of the different domains. 
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Clearly, both the frequency shift and the phase lag are sensitive to the CPD with a 
parabolic dependence. Therefore, by measuring Δω (or Δθ) at a number of different DC 
biases (VDC) and plotting Δω (or Δθ) as a function of VDC, the CPD can be obtained as the 
voltage at the vertex of the parabola, as illustrated in Figure 3.13. A comparison between 
SKPM and EFM is summarized in Table 3.1.  
Table 3-1 Comparison of operation mechanism between SKPM and EFM. 
SKPM EFM 
Conductive Tip, Non-contact Mode  Conductive Tip, Non-contact Mode 
Electrostatic Interactions  Electrostatic Interactions 
AC Bias + DC Feedback Applied Constant DC Bias Applied 
Electrostatic Force Detected 
(~ dC/dz) 
Electrostatic Force Gradient Detected 
(~ d
2
C/dz
2
) 
Surface Potential Recorded Frequency Shift/Phase Lag Recorded 
Direct CPD Measurement  Indirect CPD Measurement 
 
3.3.3 Sensitivity and Resolution 
Both SKPM and EFM are always performed in non-contact AC mode, in which the 
tip oscillates with respect to the sample, such that a superior signal-to noise ratio can be 
achieved. However, there are also some factors that limit the sensitivity and resolution of 
SKPM and EFM, including the capacitive convolution and surface contaminations, as 
will be discussed in this following. 
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First of all, it is important to note that instead of the simple capacitor model 
introduced above that considers electrostatic interactions only between the sample and 
the nanometer-sized region under the tip apex, the real interactions in a SKPM/EFM 
system is more extensive. The electrostatic forces between the overall probe and the 
surface can be contributed by the capacitive coupling from the surface to the cantilever 
and the tip cone, as well as the tip apex.
103
 This is because the electrostatic interaction has 
a long-range character. Therefore, the cantilever, for example, contributes strongly to the 
total force although it is relatively far away from the sample surface. To understand the 
electrostatic interaction in a complex tip-sample system, a theoretical approach was 
proposed by Colchero et al.,
104
 in which the corresponding interaction between the 
surface and three basic units of the probe, i.e., a macroscopic cantilever, a mesoscopic tip 
cone, and a noanometric tip apex was analyzed. They found that each of the units makes 
different contribution to the total electrostatic force due to their specific geometry and 
position with respect to the sample surface. Therefore, instead of the simplified single 
capacitor, there are indeed multiple capacitors in parallel. 
In such a complex system, the electrostatic force can be approximated as 
 ( )   ∫   
  
 
  (     )   
   
 
 
∫   
 
  (     )  
 Equation 3.12 
where ε0 is the dielectric constant in vacuum, and the integration is over the surface area 
(S) of the sample. The above approximation is based on linear decay of the electric 
potential along the field lines (approximated as segments of circles). In this case, the 
electric field on the sample is Eapprox = U0/a(x, y, z), where U0 is the voltage between the 
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tip and the sample and a(x, y, z) is the arc length of the circular segment coming from the 
tip and ending at point (x, y) at the sample surface. Note that this assumption is valid if 
the distance between the probe and the surface is no larger than the physical dimension of 
the probe.  
 
Figure 3.14 Electrostatic force as a function of tip-sample distance. [ref 104] 
The parameters corresponding to the effective metallic probe interacting with the surface are U = 
1 V, and l = 100 μm, w = 1 μm, θlever = π/8, h = 2.5 μm, θtip = π/8, and r = 20 nm. 
 
By assuming certain geometry, shape, and a(x, y, z), the individual contribution of 
the cantilever, tip cone, and tip apex to the electrostatic force can be calculated according 
to Equation 3.13, Equation 3.14, and Equation 3.15, respectively. The cantilever is 
characterized with length l, width w, and angle θlever; the tip is shaped as a truncated cone 
with height h and opening angle θtip; and the tip apex is characterized with radius r. The 
electrostatic forces are given as follows: 
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 ( )        (
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 Equation 3.15 
In the case of a typical conductive probe and a flat conductive sample, the total 
electrostatic force and the individual component from the cantilever, tip cone, and tip 
apex can be calculated and plotted in Figure 3.14. Clearly, the contribution from the tip 
apex dominates only for small distances. For larger distances, the total interaction is 
dominated by the contribution from the cantilever and the tip cone. Much worse lateral 
resolution will result because the measured electrical property is now a weighted average 
over the macroscopic area of the cantilever and the mesoscopic area of the cone. It has 
also been shown by numerical simulations that the cantilever dominates the local 
electrostatic interaction when the apex size is too small and the accuracy of the measured 
potential can be improved by using a long and slender but slightly blunt tip supported by 
a cantilever of minimal width and surface area. 
The total electrostatic force shown above also explains that EFM, which detects the 
electrostatic force gradient, typically exhibits better resolution.
104
 Figure 3.15 shows the 
electrostatic force gradient as a function of the tip-sample distance with the same 
parameters. As can be seen, the relative contribution of the tip apex to the total 
electrostatic force is increased dramatically, whereas the interaction induced by the 
cantilever and the tip cone is strongly reduced. This is due to the different distance 
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dependence of Fapex(d), Flever(d), and Fcone(d) on the range that is experimentally 
important. Fapex(d) is strongly dependent on distance but Flever(d), and Fcone(d) are not.  
 
Figure 3.15 Electrostatic force gradient as a function of tip-sample distance. [ref 104] 
 
In addition to the probe geometry and the position of the probe to the sample, there 
are other factors that could affect the sensitivity and resolution of SKPM and EFM. 
Examples include: 
1. Tip coating. Metal coated tips, although are most commonly used, exhibits poor 
stability can produce measurement errors. This is because the metal coating, which 
acts as a reference, is unstable and can be damaged during the measurement. 
Apparently, a constantly changing reference can greatly affect the accuracy of the 
measurement. One approach to overcome this issue is to use un-coated tips such as 
highly doped semiconducting tips. A comparison of metal coated tips and 
semiconducting tips by Jacobs et al.
105
 is shown in Figure 3.16. The CPD acquired by 
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the metal tip shows significantly larger sudden offset jumps along the vertical slow 
scan axis. This is due to abrasion of the metal coating, which substantially changes 
the tip.  
 
Figure 3.16 Comparison of metal-coated tips vs semiconducting uncoated ones. [ref 105] 
(a) Topography and (b) CPD of metal film imaged with metal-coated tip. (c) Metal tip after 
imaging the metal film. (d) Topography and (e) CPD of metal film imaged with uncoated 
semiconducting tip. (f) Semiconductor tip after imaging the metal film. 
 
2. Environmental Factors. Water and oxygen are the two main environmental factors 
that affect SKPM and EFM measurement because the work function is highly 
sensitive to water adsorption and oxide layers. For instance, Sugimura et al.
106
 
demonstrated that adsorption of water layer on the silicon wafer shields the surface 
potential contrast (~50 mV) between the p and n type regions of the wafer, as 
illustrated in Figure 3.17. There is no detectable surface potential contrast between 
the p and n regions on samples covered with hydrophilic oxide when the imaging is 
carried out in air with relative humidity of 54%. The contrast increases to larger than 
a b c
d e f
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50 mV when the samples become more hydrophobic after thermal annealing. 
However, when SKPM imaging is performed in a dry nitrogen atmosphere with 
relative humidity less than 0.6%, about 50 mV surface potential contrast between the 
p and n regions can be distinguished even on samples covered with the hydrophilic 
oxides. Therefore, in order to obtain highly resolved and most accurate data, the 
measurements need to be performed in controlled environments, e.g., glove boxes and 
ultrahigh vacuum. 
 
Figure 3.17 Topography and SKPM image of p-n structure. [ref 106] 
(a) Topography and (b) SKPM image of a hydrophilic surface obtained in air with 54% 
relative humidity. (c) SKPM image obtained when the sample is heated at 100 °C for three 
hours. (d)  SKPM image of a hydrophilic surface obtained in air with less than 0.6% relative 
humidity. 
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Chapter 4  Electronic Polarization at Pentacene/Polymer 
Dielectric Interfaces 
 
4.1  Overview 
Interfaces between organic semiconductors and dielectrics may exhibit interfacial 
electronic polarization, which is equivalently quantified as a contact potential difference 
(CPD), an interface dipole, or a vacuum level shift. In this work, we report quantitative 
measurements by Scanning Kelvin Probe Microscopy (SKPM) of surface potentials and 
CPDs across ultrathin (1-2 monolayer) crystalline islands of the benchmark 
semiconductor pentacene thermally deposited on a variety of polymer dielectrics (e.g., 
poly(methyl methacrylate), polystyrene). The CPDs between the pentacene islands and 
the polymer substrates are in the range of -10 to +50 mV. They depend strongly on the 
polymer type and deposition temperature, and the CPD magnitude is correlated with the 
dipole moment of the characteristic monomers. Surface potential variations within 2 
monolayer (3 nm) thick pentacene islands are ~15 mV and may be ascribed to 
microstructure (epitaxial) differences. Overall, the microscopy results reveal both strong 
variations in interfacial polarization and lateral electrostatic heterogeneity; these factors 
ultimately should affect the performance of these interfaces in devices. This work has 
been published as Y. Wu, G. Haugstad and C. D. Frisbie, The Journal of Physical 
Chemistry C, 118, 2487-2497 (2014). 
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4.2  Introduction 
It is well known from photoelectron spectroscopy that interfaces between organic 
semiconductors and metals (O/M interfaces) or between two organic semiconductors 
(O/O interfaces) can exhibit significant polarization, i.e., a vacuum level shift, or contact 
potential difference (CPD) may be present at the interface.
29, 107-114 
Interfacial 
polarization, which may be due to interface dipoles or charge transfer,
109, 111, 115, 116
 is 
important because the resulting electric fields exert a strong influence on electronic 
structure and energy level alignment (i.e., the semiconductor density of states, DOS). For 
example, interface dipoles can cause a shift of the highest occupied molecular orbital 
manifold (HOMO band) compared to the organic semiconductor bulk, and such shifts or 
‘band-bending’ are critical to the electrical performance of O/M and O/O interfaces in 
devices such as solar cells,
117-119
 light-emitting diodes,
120, 121
 and transistors.
122
  
Interfaces between organic semiconductors and insulators (O/I interfaces), on the 
other hand, are also important for devices, particularly organic field effect transistors 
(OFETs),
123-128
  but they are more challenging to investigate by photoelectron 
spectroscopy because of electrostatic charging. Consequently, less is known about O/I 
CPDs, though this knowledge is important for obtaining a better microscopic picture of 
charge transport in OFETs.  
Scanning Kelvin probe microscopy (SKPM) offers an attractive alternative to 
photoelectron spectroscopy for recording vacuum level shifts and CPDs at O/I 
interfaces.
96, 129-134
 In SKPM, surface potentials (work functions) are recorded and 
mapped; differences in surface potentials between two materials in contact with each 
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other (e.g., a patchy film on a substrate) gives the CPD. Significantly, SKPM is not as 
susceptible to electrostatic charging as it does not rely on electron photoemission but 
rather on capacitive coupling between a sharp probe and the sample.
135, 136
 This makes 
SKPM readily applicable to O/I interfaces. In addition, high resolution surface potential 
maps by SKPM can be correlated directly with simultaneously recorded topographic 
images, which allows assessment of how subtle microstructural features impact the 
interfacial electrostatics. Surprisingly, relatively little work has been reported in the 
literature concerning application of SKPM (or a related technique, electrostatic force 
microscopy) to organic interfaces, especially O/I interfaces. 
In this work, we have carried out surface potential mapping by SKPM on ultrathin 
islands of the benchmark organic semiconductor pentacene grown on polymer dielectrics 
in order to quantify electronic polarization at different pentacene/dielectric interfaces (see 
Figure 4.1). The influence of polymer type and deposition conditions, i.e., the substrate 
temperature, on CPDs has been examined. There is good correlation between the CPD 
magnitudes and the dipole moments of the characteristic monomers of the polymer 
substrates. Furthermore, the surprising intra-layer surface potential variations of the 
crystalline pentacene islands are correlated with microstructure. Specifically, we propose 
that intra-island surface potential domains reflect differences in epitaxial order. Overall, 
the visualization of electronic polarization through spatially-resolved measurements of 
surface potentials and CPDs provides an effective approach to understanding 
fundamental electronic processes and electrostatic complexity at organic interfaces. 
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Figure 4.1 Schematic of surface potential mapping by SKPM of ultrathin (1-2 monolayers) 
pentacene films deposited on a variety of polymeric substrates. 
Pentacene was thermally deposited on polystyrene (PS), poly(methyl methacrylate) (PMMA), 
poly(α-methyl styrene) (PαMS), poly(4-vinyl phenol) (PVPh), along with para-substituted PS 
derivatives, including poly(4-methylstyrene) (PMS), poly(4-tert-butylstyrene) (PtBS), poly(4-
bromostyrene) (PBS), and poly(4-chlorostyrene) (PCS). The polymer films were fabricated by 
spin-coating corresponding polymer solutions onto SiO2/p++ silicon wafers. A conductive probe 
scans across the sample surface in a two-pass “lift mode” with a constant lift height of 10 nm, and 
simultaneously records the topography and surface potential of the sample. 
 
4.3 Effect of Substrate Type on CPD 
Crystalline pentacene islands were grown by thermal deposition in a vacuum 
chamber at 10
-6
 Torr onto a variety of polymer films. Four common polymer dielectrics 
for OFETs, including PS, PMMA, PαMS, and PVPh, were selected as substrate 
materials. Notably, the convenience of spin coating relatively smooth surfaces with root-
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mean-square (RMS) roughnesses below 0.5 nm over the lateral scale of interest (~20 μm) 
facilitated the formation of dispersed micron-sized, monolayer thick pentacene islands.  
 
 
Figure 4.2 Topography, surface potential, and potential histogram of pentacene sub-
monolayer islands grown on four common polymer dielectrics.  
(a) Topography, surface potential, and potential histogram of pentacene sub-monolayer 
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on PS. The bright islands in topography represent pentacene grains. They exhibit very 
similar surface potential compared to PS as shown in the surface potential image. The 
potential histogram shows the potential distribution peaks of PS and pentacene which are 
<5 mV apart. (b) Topography, surface potential, and potential histogram of pentacene 
sub-monolayer on PMMA. The topography shows bright pentacene grains on dark 
substrate. Pentacene grains have more negative surface potential than PMMA. The CPD 
(~-20 mV) is defined as the peak surface potential difference between that of pentacene 
and polymer and is the same for elsewhere. (c) Topography, surface potential, and 
potential histogram of pentacene sub-monolayer on PαMS. Bright pentacene islands and 
dark PαMS substrate are shown in topography. The pentacene islands display more 
positive surface potential than the substrate. Histogram analysis gives a CPD of ~+20 
mV. (d) Topography, surface potential, and potential histogram of pentacene sub-
monolayer on PVPh with pentacene islands being brighter in both topography and surface 
potential. According to the potential histogram, the CPD is ~+15 mV. 
 
Figure 4.2 displays representative topography and corresponding surface potential 
images of monolayer pentacene islands grown on PS, PMMA, PαMS, and PVPh films. 
All substrates were kept at room temperature during film deposition. Very similar grain 
morphology was observed for all samples, characterized as dendritic to compact islands 
with measured heights corresponding to one standing pentacene molecule (~1.5 nm). It is 
well known that pentacene molecules grown on inert substrate adopt a herringbone, edge-
to-face packing motif and the molecules stand nearly vertically in each layer with the 
[001] direction being approximately perpendicular to the substrate.
52, 137
 Thus, there are 
no face-on molecules in all investigated pentacene sub-monolayers and the darker (lower) 
regions in the topographic images correspond to bare polymer.         
The surface potential images in Figure 4.2 show substantial differences for islands 
grown on different substrates. Note that all the surface potential measurements presented 
in this work were carried out using the same probe, which is necessary for meaningful 
comparisons. Moreover, surface potential of bare polymer films was measured prior to 
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pentacene deposition and no significant changes of tip-polymer CPDs were observed 
upon pentacene deposition. In the case of the PS substrate (Figure 4.2a), the surface 
potential of the pentacene islands is very close to that of PS. Thus, in this case, within the 
resolution of SKPM,
103, 138, 139
 the pentacene grains are almost indistinguishable in the 
surface potential image. However, significant pentacene-to-substrate surface potential 
contrast exists in the three other samples. Pentacene displays more negative surface 
potential than PMMA (Figure 4.2b). Pentacene grains grown on PαMS (Figure 4.2c) and 
PVPh (Figure 4.2d), on the other hand, show more positive surface potential with respect 
to the substrates. Both the magnitude and sign of the surface potential contrast change 
with the polymer substrate type. 
Quantitative analyses of the surface potential images are shown in the histograms in 
Figure 4.2. Instead of conventional histogram analysis which simply counts all data 
points in an image and typically generates a broad distribution, here independent 
histogram analyses were performed individually for pentacene islands and the substrates. 
This procedure diminishes the “edge effects”, i.e., the capacitive convolution caused by 
the finite probe size.
103
 That is, those data points located near island boundaries (as 
determined from the height images) were intentionally neglected during image analyses. 
Following this approach, two well-defined peak positions are evident in the potential 
histograms in Figure 4.2. We take the CPD to be the difference in surface potentials 
between the pentacene islands and the substrate, i.e., the CPD = Vpentacene – Vpolymer, where 
Vpentacene and Vpolymer are the peak surface potentials (approximately the mean surface 
potentials) in each domain. The CPDs range from ~+5 mV for pentacene/PS interfaces to 
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~±20 mV for the others. Again, it is interesting that both the sign and the magnitude of 
the CPDs depend on the polymer type. 
To investigate the role of the polymer substrate more systematically, the same SKPM 
measurements were performed using a family of para-substituted PS polymers (PSX) as 
the substrates: PS, PMS, PtBS, PBS, and PCS. The monomers of these polymers have 
systematically varying permanent dipole moments (μ) that depend on the para-
substituent, as calculated using the software ChemDraw:  μCS (2.38 D) > μBS (1.82 D) > μS 
(0.08 D) > μtBS (-0.37 D) > μMS (-0.49 D). The topography and surface potential of sub-
monolayer pentacene films grown on PS and the four types of para-substituted PS at 
room temperature are compared in Figure 4.3. Again, similar morphology was observed 
in all cases, but with the island shape slightly varying from more compact to more 
dendritic from Figure 4.3a to 4.3e. The surface potential and CPDs varied significantly 
across the sample set. Unlike pentacene/PS interfaces, all four other pentacene/PSX 
interfaces exhibited significant CPDs. Pentacene displayed slightly more negative surface 
potential (~-10 mV) than PMS (Figure 4.3a) and PtBS (Figure 4.3b), whereas pentacene 
grown on PBS (Figure 4.3d) and PCS (Figure 4.3e) showed distinctively more positive 
surface potential than the substrates (~+30-50 mV). The potential histograms clearly 
reveal the surface potential distributions of pentacene and the substrate. The peak 
separation reveals the different CPD values.   
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Figure 4.3 Topography, surface potential, and potential histogram of pentacene sub-
monolayer islands grown on PS and para-substituted derivatives of PS. 
(a) Topography, surface potential, and potential histogram of sub-monolayer pentacene on PMS. 
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Pentacene islands exhibit more negative surface potential than PMS and the CPD is ~-10 mV. (b) 
Topography, surface potential, and potential histogram of sub-monolayer pentacene on PtBS. 
Pentacene grains have slightly more negative surface potential than PtBS, giving rise to CPD of 
~-5 mV. (c) Topography, surface potential, and potential histogram of pentacene sub-monolayer 
on PS. The pentacene islands display very similar surface potential with respect to the substrate 
and the CPD is <+5 mV. (d) Topography, surface potential, and potential histogram of pentacene 
sub-monolayer on PBS with pentacene islands showing more positive surface potential than PBS. 
The potential histogram shows CPD of ~+30 mV. (e) Topography, surface potential, and potential 
histogram of pentacene sub-monolayer PCS and pentacene grains are more positive in surface 
potential than PCS. The CPD is ~+40 mV according to the potential histogram. 
 
The CPD data is summarized in Figure 4.4. The CPDs between pentacene and the 
corresponding substrate are plotted using the histogram peak positions from six 
measurements of at least two different samples. The CPD data have been ordered 
according to the dipole moments of the substrate monomers which are shown on the x-
axis of the plot. It is striking that the CPD between pentacene and the substrate can be as 
large as +50 mV in the case of pentacene/PCS interfaces. Also, it is clear that the CPD 
varies systematically, essentially linearly, with the dipole moment of the characteristic 
monomers. That is, the surface potential of pentacene islands relative to the substrate (or 
the CPD) is negative on alkyl-substituted PS, positive on halogen-substituted PS, and 
close to neutral on PS. The case of PαMS is interesting as the monomer has a significant 
dipole (~0.3 D) approximately perpendicular to the phenyl ring, yet the CPD still falls 
reasonably close to the trend line. Furthermore, pentacene/PMS and PtBS interfaces 
exhibit smaller CPD magnitudes than pentacene/PBS and PCS interfaces, consistent with 
the fact that the dipole moments (relative magnitudes) of MS (~0.49 D) and tBS (~0.37 
D) are much smaller than that of BS (~1.82 D) and CS (~2.38 D).     
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Figure 4.4 Quantitative summary of CPDs as a function of the monomer dipole moment. 
All the films were deposited when the substrates were at room temperature. The plotted CPDs 
were calculated using the surface potential peaks of pentacene and substrate, respectively, from 
potential histograms of at least two different samples in six measurements. The dipole moments 
of the monomers were calculated using the software ChemDraw. The CPD varies essentially 
linearly with the dipole moment of characteristic monomers. 
 
The probable origin of the polarization in the pentacene/polymer systems is induced 
polarization of pentacene molecules, not charge transfer. This could be attributed to static 
dipoles associated with the polymer surface or so-called cooperative dipoles formed by 
specific non-covalent interactions between polymer chains and the pentacene molecules. 
Pentacene is known to have large inherent polarizability along its long axis due to the 22 
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anisotropically delocalized π-electrons in its backbone.140 We imagine that pentacene 
molecules in contact with PCS, for example, could be polarized by the strong dipole 
moment of the CS monomer. There may also be non-covalent interactions between 
pentacene and the substituent Cl.
141
 Either effect, or both, could then induce a dipole in 
pentacene. Overall, it is clear that the interfacial polarization we observe is directly 
related to the nature of the substrate.  
It should be noted that the linear relationship in Figure 4.4 should be viewed as 
approximate and applicable to the homologous series of PS polymers we have 
investigated. The dipole moments have been calculated for the monomers using 
ChemDraw and we have verified their approximate correctness where possible by 
comparison to the literature values.
142, 143
 Furthermore, as shown in Appendix Figure 
A1.7, CPD data for PMMA and PVPh do not fall on the trend line. The behavior of these 
more hydrophilic substrates (see water contact angle data in Appendix Table A1-1) 
appears to be different than the behavior of the PS series polymers. Nevertheless, the 
overall trend in Figure 4.4 suggests a good correlation between the monomer dipole of 
the PS polymers and the CPD. We have also carefully excluded other possible 
contributions to the systematic CPD results, such as the dielectric constant and glass 
transition temperature of the polymers. Further investigations of other effects including 
polymer polarizability would also be interesting but we view them as less likely 
contributors to the CPD trend. 
Energy level diagrams are also helpful to further interpret the surface potential and 
CPD results. According to the above results, films with distinctive CPDs between 
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pentacene and substrate fall into two categories with pentacene islands being either more 
negative or more positive than the substrate.  The energy level diagrams for these two 
cases are illustrated in Figures 4.5a and 4.5b, respectively.  
 
Figure 4.5 Energy level diagram illustration of the surface potential measurement. 
(a) Pentacene molecules are polarized in a way that the positive end of the dipole points into the 
surface, which leads to an upward shift of the vacuum level (Evac). Additional negative bias thus 
has to be applied when the probe scans from bare polymer to the pentacene islands and it equals 
the CPD (CPD = V2 –V1), and darker pentacene grains on brighter substrate are shown in the 
surface potential map. A net dipole moment pointing into the polymer surface can be deduced. (b) 
Pentacene molecules are polarized with the positive end of the dipole pointing out of the surface, 
resulting in a downward vacuum level shift. When the probe scans from bare polymer to 
pentacene islands, additional positive bias equal to CPD (CPD = V2 –V1) is applied so that the 
surface potential map shows brighter pentacene grains on darker substrate. This implies that the 
polymer surface has net dipoles pointing out of the surface. 
 
A more negative surface potential atop the pentacene islands compared to the bare 
polymer (e.g., PMS and PtBS) suggests an energy band diagram as shown in Figure 4.5a. 
The regions covered by pentacene islands have a smaller CPD relative to the SKPM tip 
(more negative surface potential) than the bare polymer so that the alignment of Fermi 
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level results in an upward shift of the vacuum level (Evac) from bare polymer to 
pentacene-covered polymer. The induced dipole must have its positive end pointing into 
the surface, which is possible when there are net static dipoles at the polymer surface 
(due to the MS and tBS monomers) that are oriented in the same direction. In contrast, for 
PBS and PCS samples, the pentacene islands are positive, i.e., they have a larger CPD 
relative to the SKPM tip, and thus the vacuum level shifts downward over pentacene, 
Figure 4.5b. This then implies that dipoles with their positive ends point out of the 
surface. As mentioned above, the origin of the interface dipoles could be static dipoles 
associated with oriented monomers at the polymer surface, or it is possible that a non-
covalent bond forms between the halogen atom in the polymer and the hydrogen atom in 
pentacene.
141
 Either mechanism could shift the π-electrons in pentacene such that the 
positive end of the induced dipole is pointing out of the surface. 
 
4.4  Effect of Growth Temperature on CPD 
The impact of deposition conditions on the surface potential has also been examined. 
Specifically, the substrate temperature during pentacene deposition was systematically 
varied and the surface potential of as-deposited films was measured by SKPM. Figure 4.6 
shows one example of isolated pentacene islands deposited on PBS. Since the desorption 
of pentacene becomes more favorable or even dominant when the substrate temperature 
exceeds 70 °C, the substrate temperature study was constrained within the temperature 
range of room temperature (27 °C) to 60 °C with an increment of about 10 °C.  
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Figure 4.6 Topography, surface potential, and potential histogram of sub-monolayer 
pentacene grown on PBS at different substrate temperature (TS). 
(a) Topography, surface potential, and potential histogram of pentacene sub-monolayer grown at 
TS = 27 °C. Pentacene islands displays more positive surface potential than the substrate and the 
histogram analysis gives CPD of ~+30 mV. (b) Topography, surface potential, and potential 
histogram of pentacene sub-monolayer deposited at TS = 40 °C. The pentacene grains show more 
positive surface potential than PBS and the CPD is ~+45 mV as shown in the histogram. (c) 
Topography, surface potential, and potential histogram of pentacene sub-monolayer deposited at 
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TS = 50 °C. The pentacene grains show more positive surface potential than PBS. The histogram 
gives CPD of ~+75 mV. (d) Topography, surface potential, and potential histogram of pentacene 
sub-monolayer deposited at TS = 60 °C. Pentacene displays more negative surface potential than 
the substrate with the CPD being ~+90 mV. 
 
Clearly, the substrate temperature strongly impacts the grain size and nucleation 
density as demonstrated in the topographic images. The films tend to have larger grains 
but smaller nucleation densities with elevated substrate temperature owing to thermally 
facilitated diffusion of pentacene molecules at higher substrate temperature.
48, 137, 144
 
Importantly, the substrate temperature significantly impacts the surface potential of the 
films as illustrated in the images and the potential histograms in Figure 4.6. As the 
substrate temperature increases, the pentacene surface potential shifts positively.  
Figure 4.7 shows the extracted CPDs versus growth temperature. There is an overall 
positive increase ranging from ~+30 mV at room temperature to ~+90 mV at 60 °C. The 
causes of this CPD increase with growth temperature may include structural changes in 
either the pentacene or polymer layers, or thermally-induced strain in pentacene, for 
example. It is important that the effect is significant, i.e., there is a +60 mV increase in 
CPD upon changing the deposition temperature from room temperature to 60 °C, but the 
precise cause of this effect will require further investigation. Similar substrate 
temperature studies were carried out for pentacene grains deposited on other substrates 
(see Appendix Figure A1.6). For all cases the CPDs consistently exhibited sensitivity to 
the growth substrate temperature, though the trends with temperature varied. 
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Figure 4.7 Quantitative summary of CPDs for samples deposited on PBS at different 
substrate temperature (TS). 
The plotted CPD is defined as the surface potential difference between pentacene grains and PBS 
and each CPD was obtained from the histograms of at least two different samples in six 
measurements. Significant increase of CPD can be seen with increasing TS. 
 
4.5  Effect of Interlayer Microstructure on CPD 
Pentacene exhibits Stranski-Krastanov (wetting layer plus island) growth behavior
48
 
on all polymer substrates investigated here. SKPM was employed to record surface 
potentials in the second layer islands which grow on a completely closed monolayer. 
Figure 4.8 shows the result for ~3 nm thick pentacene films deposited on the four 
common polymer substrates (i.e., PS, PMMA, PαMS, and PVPh) at room temperature.  
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Figure 4.8 Topography, surface potential, and potential histogram of pentacene two-layer 
films grown on four common polymer dielectrics. 
(a) Topography, surface potential, and potential histogram of pentacene film on PS with 
low coverage of second layer. Pentacene second layer islands exhibit more positive 
surface potential than the first layer. The potential histogram also gives two distinct 
domains of the second layer (red and green curves in the histogram). (b) Topography, 
surface potential, and potential histogram of pentacene two layer film on PMMA with 
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some second layer grains nucleating on top of fully closed first layer. Pentacene second 
layer shows more positive surface potential than the first layer but the difference is less 
than 10 mV. The potential histogram also shows two distinct potential domains of the 
second layer.  (c) Topography, surface potential, and potential histogram of pentacene 
film on PαMS with complete first layer and some second layer grains. Pentacene second 
layer grains show more positive surface potential than the first layer. The potential 
histogram also shows two distinct potential domains of the second layer. (d) Topography, 
surface potential, and potential histogram of pentacene on PVPh with some second layer 
grains and fully closed first layer. Pentacene second layer shows more positive surface 
potential than the first layer and there are two distinct potential domains within the 
second layer. 
 
All films exhibit similar morphology with dendritic second layer grains growing on 
top of a fully closed first layer. It is immediately evident from Figure 4.8 that the surface 
potentials of the second layer islands, although they vary with the substrates in 
magnitude, are always positive relative to the closed first layer. This is true even for the 
film grown on the PMMA substrate, which exhibited a negative CPD for the first 
monolayer (see Figure 4.2). Positive surface potentials are expected in the case of 
pentacene grown on PαMS and PVPh, because in those cases the first pentacene 
monolayer had a positive CPD and one could anticipate that polarization in the 
underlying pentacene first layer should induce a similar polarization in the second layer. 
The origin of positive surface potential for second layer islands on PMMA, on the other 
hand, might be structural changes (e.g., crystalline order) in the second layer relative to 
the first. Surface potentials (work functions) are known to be very sensitive to crystal 
structure and defect densities.
27, 145, 146
 We will return to this point below. 
Closer inspection of the images in Figure 4.8 reveals that the intra-layer potential 
landscapes are more complex in the second layer than for the first layer. Specifically, 
  90 
there are two potential domains, 2a and 2b, in the second layer islands. This is 
particularly evident for the PαMS and PVPh substrates, Figures 4.8c and 4.8d, 
respectively, where the difference in potential between 2a and 2b domains is 
extraordinarily clear.  
 
Figure 4.9 Intra-layer surface potential difference of pentacene two-layer film on PVPh. 
(a) Surface potential of pentacene two-layer film on PVPh with fully coalesced first monolayer 
and a few dendritic second islands. There are two different surface potential domains within the 
second layers, indicated as 2a (more positive surface potential) and 2b (less positive surface 
potential) domains. (b) Histogram shows surface potential variations of pentacene film shown in 
(a). Surface potential difference (ΔV) between 2a and 2b domains (red and green curves) is ~15 
mV. (c) Energy level diagram illustration of the surface potential measurement film in (a). 
Pentacene second layer molecules are polarized with the positive end of the dipole pointing out of 
the surface, leading to a downward vacuum level shift. For the 2a domain, which is epitaxial 
relative to its underlayer, the vacuum level shift is ~15 meV more downward than the 2b domain 
which overgrows to a different first layer grain. 
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Figure 4.9a shows the surface potential image of pentacene films grown on PVPh 
with 2a and 2b domains unambiguously resolved. The potential histogram (Figure 4.9b) 
clearly illustrates that the intra-layer surface potential difference is ~15 mV. The 
corresponding energy diagram is shown in Figure 4.9c. According to the potential 
histograms in Figure 4.8, this difference is indeed independent of the substrate type, in 
contrast to the aforementioned inter-layer surface potential contrast which shows a strong 
substrate-dependence. More importantly, the intra-layer surface potential difference is 
also independent of the deposition condition, i.e., substrate temperature (see Appendix 
Figure A1.8), which is again different from the inter-layer surface potential difference.  
Such intra-layer surface potential variation has also been observed in our previous 
studies in pentacene films grown on SiO2.
147, 148
 We have proposed that the potential 
domains 2a and 2b result from differences in homoepitaxy, i.e., that 2a is an epitaxial 
domain and 2b is non-epitaxial.
148
 We have based this on friction force microscopy 
(FFM) results that consistently show that the 2a domain has lower friction (is more 
ordered) than the 2b domain.
148
 Similar friction/surface potential relationships were 
observed in pentacene/polymer films examined here as shown in Figure 4.10. It is 
important to note that our new results here show that the 2a and 2b friction and potential 
domains occur regardless of the substrate type, i.e. whether the substrate is SiO2 or a 
variety of different polymer films. Further investigations have been carried out to 
determine whether the potential and friction domains are really different epitaxial 
domains, which will be discussed in Chapter 5. 
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Figure 4.10 Topography and corresponding friction and electrostatic force microscopy 
(EFM) frequency images of two-layer pentacene films.  
(a) Topography, friction and EFM frequency images of two-layer pentacene films on PS. The 
brighter friction signal corresponds to smaller friction and the brighter frequency contrast 
represents more negative surface potential. It is the same elsewhere. (b) Topography, friction and 
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EFM frequency images of two-layer pentacene films deposited on PMMA. (c) Topography, 
friction and EFM frequency images of two-layer pentacene films on PαMS. (d) Topography, 
friction and EFM frequency images of two-layer pentacene films on PVPh.  
 
The correlation of crystalline order with surface potential (work function) is 
intriguing and we propose that it could be understood by the strain effects on work 
function. For example, a correlation between more positive surface potential (lower work 
function) and order may mean that second layer islands are uniformly more ordered on all 
substrates, as these islands always have more positive surface potentials. On the other 
hand, compared with the first monolayer of pentacene that directly grow on top of 
amorphous substrates, the second monolayer is significantly less strained. Similarly, the 
distinct surface potentials observed within the second layer of pentacene films may be 
attributed to different inter-layer strains associated with epitaxy and non-epitaxy. The 
strain minimized registry of epitaxy is found to exhibit more positive surface potential 
thank non-epitaxy. The detailed relationship between strain and work function is 
introduced in Chapter 6. For the purpose of this chapter, it is important to note that the 
possible use of surface potential mapping to identify domains of more or less order would 
be extremely useful for understanding microstructure of crystalline soft materials.  
 
4.6  Conclusion 
We have carried out quantitative SKPM measurements on ultrathin pentacene films 
(1-3 nm) thermally deposited on different polymer dielectrics. Systematic investigation of 
monolayer thick pentacene islands on polymers reveals that the CPDs of the 
  94 
pentacene/polymer interfaces strongly depend on the substrate type and deposition 
condition, i.e., substrate temperature. Furthermore, SKPM of two layer thick pentacene 
films grown on different substrates shows that the surface potential of the second layer 
pentacene islands is always positive relative to the underlying first monolayer, probably 
owing to a more ordered structure in the second layer. Intra-layer surface potential 
differences have been consistently observed in all pentacene films and are believed to 
arise from microstructure/epitaxial variations. Our investigations reveal important factors 
that influence the interfacial electronic properties in a benchmark O/I interface and also 
raise important open questions of how microstructure (e.g., homoepitaxy) affects 
electronic properties in soft, polarizable organic semiconductor materials. In closing, it is 
worthwhile noting that surface potential (work function) variations will result in band-
edge fluctuations, which in turn imply a disordered landscape for charge carriers at O/I 
interfaces. 
 
4.7  Experimental 
4.7.1 Sample Preparation 
All the pentacene films were prepared by thermal evaporation of the source material 
pentacene (Fluka, 99.8%) onto different dielectric polymer substrates with the chamber 
pressure ≤2×10-6 Torr and a deposition rate ~0.01 Å/sec. A quartz crystal microbalance 
(QCM) was used to control the film coverage by targeting ~30-40% coverage for 
pentacene sub-monolayers and ~120-130% for pentacene two-layer films. The polymer 
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substrates included polystyrene (PS), poly(methyl methacrylate) (PMMA), poly(α-methyl 
styrene) (PαMS), poly(4-vinyl phenol) (PVPh), and para-substituted PS, namely poly(4-
methylstyrene) (PMS), poly(4-tert-butylstyrene) (PtBS), poly(4-bromostyrene) (PBS), 
and poly(4-chlorostyrene) (PCS). The properties of these polymers are summarized in the 
Appendix Table A1-1. All the substrates were prepared by spin coating corresponding 
polymer solutions (PMMA, PαMS: 10wt% polymer/1,2-dichloroethane solution; PS, and 
PS derivatives: 5wt% polymer/toluene solution; PVPh: 5wt% polymer/ethanol solution) 
onto thermally grown SiO2 (~200 nm) on p-doped silicon wafers (2000 rpm, 30 sec) and 
baked at 90 °C for 1 hour to remove residual solvent. According to atomic force 
microscopy (AFM) measurements, all the spin coated polymer films have thicknesses 
around 20-50 nm. The substrate temperatures were varied from room temperature (27 °C) 
to 60 °C for different depositions. 
4.7.2 Scanning Probe Microscopy 
All the SPM measurements were performed with a Bruker Nanoscope V Multimode 
8 Scanning Probe Microscope inside an argon-filled glove box with oxygen level <5 
ppm. SKPM has been utilized to measure the surface potential of as-deposited pentacene 
films. To allow comparison between different cases, the same tip was used throughout all 
the measurements. SKPM is a non-contact SPM method capable of probing the local 
surface potential distributions while simultaneously mapping the topography. Commonly, 
it operates in a two-pass interleave mode or “lift mode”. In the first pass, the specimen is 
scanned by a sharp conducting probe in regular attractive regime dynamic mode for 
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topography. To stabilize performance in the attractive regime, the cantilever is driven at a 
drive frequency slightly larger than the fundamental resonant frequency, and the setpoint 
amplitude is about 90% of the free amplitude. In the second pass, the probe is lifted for a 
constant height above the surface and the surface is scanned over again along the same 
topographic trajectory to preserve constant average distance between probe and sample. 
In the operational procedure of the second pass, the mechanical vibration of the cantilever 
is zeroed, whereas an AC voltage is applied to induce the vibration of the cantilever. The 
vibrational amplitude is nulled with a feedback circuit that adjusts an additional DC 
voltage bias of the tip (per surface location) to match that of the local surface; this local 
surface potential is directly recorded as this DC voltage. The attractive regime dynamic 
mode is preferred for our SKPM measurement (i.e., in the first pass that generates the 
topography image) since it better preserves the probe and thereby allows meaningful 
surface potential comparison among different films by eliminating probe-to-probe 
variation. Note that the same probe (tip/cantilever) was used for all the SKPM 
measurements shown here but these results were representative of a large body of 
experiments using different probes. The typical probes were from Mikromasch USA 
(DPER 18, Pt coated, resonant frequency 60-90 kHz, spring constant 2.0-5.5 N/m, and tip 
radius 30 nm). The lift height during the second pass was 10 nm, which was beyond the 
range where van der Waals force comes into play. The applied AC voltage in SKPM was 
0-+6 V in amplitude.  
  97 
4.7.3 Histogram Analysis 
All histogram analyses were performed using freeware Gwyddion. To obtain well-
defined surface potential distributions for different surface regions instead of one broad 
potential distribution for all the regions, individual regions were selectively masked using 
surface potential thresholding. (For those surface potential images with worse 
differentiation, masks were created via thresholding of the simultaneously obtained 
topography image and then applied to the surface potential images.) Histogram analysis 
was performed for the masked regions and all extracted histograms for different surface 
regions were overlaid in graphs to compare the surface potential distributions within a 
given image. (A detailed example is provided in the Appendix A1.) An alternative 
method was to extract the histogram from an entire image and perform single- or multi-
peak Gaussian curve fits to distinguish the potential distributions from different regions. 
A comparison of the histograms obtained from the two methods is made in the Appendix 
A1. Importantly, it is meaningless to compare the absolute position of each peak among 
different histograms since a plane fit has been applied the images that offsets the absolute 
peak position in order to bring the average of all peaks in a histogram to the zero-
position. 
4.7.4 Dipole Moment Calculation 
ChemBio3D Ultra 13.0 integrated with ChemBioDraw Ultra 13.0 was used to 
compute dipole moments of the monomers for different polymers. The molecular 
structure of each monomer was built by ChemBioDraw and then displayed in 3D by 
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ChemBio3D. The dipole moment of corresponding structure was then computed by the 
ab initio electronic structure calculation program GAMESS interface which is included in 
the software. 
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Chapter 5 Homoepitaxial Growth Modes in Textured, 
Polycrystalline Ultrathin Pentacene Films on Dielectrics 
 
5.1  Overview 
As introduced in Chapter 4, homoepitaxial growth modes likely affect the interlayer 
electrostatic coupling and the surface energetics of device-active organic films. However, 
detailed knowledge of the homoepitaxial growth modes in organic semiconductor thin 
films is still largely missing due to the lack of effective characterization tools. This 
chapter presents a convenient approach to characterize explicitly the homoepitaxial 
growth modes of pentacene bilayers thermally deposited on different dielectrics by 
combining two scanning probe microscopy (SPM) imaging modes, i.e., friction force 
microscopy (FFM) and transverse shear microscopy (TSM). It is found that pentacene 
second layer grains consistently exhibit a mosaic of homoepitaxial modes 
(commensurism, coincidence, and non-epitaxy) regardless of the substrate type and 
deposition condition. Among different homoepitaxial modes, a coincident twist epitaxy is 
more frequently observed. This combined FFM/TSM technique offers a feasible way to 
identify complex microstructural motifs such that a deeper understanding of growth and 
structure-property relationships in organic semiconductor thin films is possible. This 
work has been published as Y. Wu, V. Kalihari, G. Haugstad, and C. D. Frisbie, Physica 
Status Solidi b, 252, 1291-1299 (2015). 
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5.2  Introduction 
Polycrystalline organic semiconductor thin films are of significant interest due to 
their applications as active components in electronic devices, e.g., field effect transistors 
(FETs).
4, 122, 149-153
 Many electrical properties of these active layers, such as carrier 
mobility and work function, are closely related to order/disorder of the film 
microstructure.
154-158
 The role of grain boundaries (GBs) has already been extensively 
discussed.
159-163
 However, much less investigated is the role of homoepitaxial growth 
modes. Homoepitaxy in crystalline organic semiconductor films describes the interlayer 
epitaxial relationship between the organic overlayer and underlayer. It is associated 
intrinsically with the layered and polycrystalline nature of many thermally deposited 
organic molecular films. Although molecular epitaxy of soft organic materials has been 
of growing interest over the past two decades, the focus of the field has been primarily on 
heteroepitaxy of organic molecular layers on organic/inorganic crystalline substrates.
164-
171
 Homoepitaxy of a molecular overlayer deposited on an existing crystalline underlayer 
of the same material on common dielectric insulators is still largely unexplored. However, 
this knowledge is critically important for understanding the interlayer electrostatic 
coupling and the surface energetics of device-active organic semiconductor thin films, 
especially within the first few monolayers of the film close to the organic/insulator 
interface as we have demonstrated previously.
147, 148
 
The major hindrance for thorough understanding of homoepitaxy in organic 
semiconductor thin films lies in the lack of effective characterization tools. Applications 
of conventional electron diffraction based characterization techniques, such as reflection 
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high energy electron diffraction (RHEED) and low energy electron diffraction 
(LEED),
168-170, 172-174
 can be problematic for the investigation of organic films on 
insulators due to charging. Also, the existence of any microscopic variation is hard to 
discern with diffraction techniques because these usually sample a large area. Scanning 
probe microscopy (SPM), on the other hand, offers an attractive alternative for 
identifying local homoepitaxy in organic semiconductor thin films on insulators. 
Previously, our group identified different homoepitaxial modes in pentacene thin films 
deposited on SiO2 by transverse shear microscopy (TSM).
148
 TSM is an unconventional 
lateral force microscopy (LFM) technique that produces crystallographic orientation 
dependent contrast.
85, 86, 147, 148, 175, 176
 Therefore, in theory, the overlayer and underlayer 
grain orientations can be determined unambiguously according to their particular TSM 
signals. This then allows identification of the homoepitaxial mode
164
 (e.g., 
commensurism vs. coincidence). In reality, however, this method typically requires 
repeated imaging with systematic rotations of the sample. The intrinsic noise floor of the 
instrument, which is usually comparable to the relatively small TSM signal, also 
significantly increases the minimum number of TSM images needed for reliable analysis. 
It is thus helpful to develop more convenient methods to examine homoepitaxial modes 
in soft, textured crystalline organic layers. 
In this chapter, we carried out concurrent friction force microscopy (FFM) and TSM 
imaging to characterize the homoepitaxial modes of individual domains within the 
second layer of pentacene films thermally deposited on SiO2 and a polymer dielectric, 
poly(methyl methacrylate) (PMMA), at different substrate temperatures. The 
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homoepitaxial landscapes of all investigated films exhibit a mosaic characteristic, i.e., 
there are mixed homoepitaxial modes, including commensurism, coincidence, and non-
epitaxy (i.e., incommensurism and also non-coincidence), within the pentacene second 
layer at the micrometer length scale. Among different homoepitaxial modes, a coincident 
twist epitaxy, which by definition is a more relaxed epitaxial condition with only partial 
registry of the overlayer and underlayer,
164
 was more frequently observed.  
 
5.3  Characterization of Grain Orientations by TSM 
As mentioned above, previous studies in our group demonstrated that TSM exhibits 
orientation dependent contrast and thus offers the capability of identifying the 
homoepitaxial modes in crystalline organic thin films.
148
 As shown in Figure 5.1a, in the 
case of (001)-textured pentacene thin films, the TSM signal depends systematically on 
the relative alignment (θ) between the scan direction and the crystallographic orientation 
(e.g., [100] direction) in the (001) plane of any pentacene grain. Specifically, TSM gives 
the brightest signal (ii) when the probe scans parallel to the pentacene [110] direction; it 
gives the darkest signal (iv) when the scan direction is along the [  ̅10] direction. 
Intermediate contrast (i and iii) is more complex as it does not correspond to one single 
crystallographic direction. Instead, it can be obtained when the probe is scanning along 
either the [100] direction or the [010] direction. Dark-to-intermediate and intermediate-
to-bright contrasts are similarly complicated as each is associated with two independent 
crystallographic directions. 
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Figure 5.1 Pentacene grain orientation determined by TSM. 
(a) Schematic relationship between TSM contrast and pentacene grain orientation. For this figure, 
the scan direction is fixed and θ is defined by the angle between the forward scan direction and 
the pentacene [100] direction (red arrow). The grain orientations with the most positive, the most 
negative, and intermediate TSM signals are depicted with the corresponding pentacene monolayer 
unit cell structure in the a-b plane. (b) TSM image of sub-monolayer pentacene film thermally 
deposited on PMMA. Different grains (e.g., grain A, B, and C) show different TSM signal levels. 
(c) TSM signal histogram of grain A with a FWHM of ~7 mV. The range of possible [100] 
orientations is indicated by dashed arrows in the inset. (d) TSM signal histogram of grain B. The 
possible range of [100] orientations determined by the TSM signal are shown in the inset by 
dashed arrows. (e) TSM signal histogram of grain C. The possible [100] orientations determined 
by TSM signal are shown by dashed arrows in the inset. 
 
This situation is well exemplified by TSM imaging of pentacene on PMMA. Note 
that our previous detailed TSM work involved pentacene on SiO2,
85 
which is not an ideal 
substrate for organic FETs applications compared to polymer dielectrics.
125, 177 
As shown 
in Figure 5.1b, pentacene forms polycrystalline monolayer-thick compact grains on 
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PMMA, very similar to pentacene deposited on SiO2.
85, 137, 176 
More importantly, the TSM 
image of pentacene on PMMA also displays the full contrast spectrum among different 
pentacene grains, indicating that the sensitivity of TSM to the crystallographic orientation 
of pentacene is qualitatively the same for PMMA and SiO2 substrates. However, it is non-
trivial to assign specific orientations to grains in Figure 5.1b based on the TSM signal 
with the lack of an unambiguous one-to-one correspondence between the TSM signal and 
crystallographic orientation. More complicated is the intrinsic noise of the measurement, 
manifested as the finite peak width in the TSM signal histograms for individual grains in 
Figure 5.1c-e. The peak width characterized by the full width at half maximum (FWHM) 
up to 10 mV is comparable to the total TSM signal, which results in a relatively large 
spread of possible [100] orientations determined by TSM as shown in Figure 5.1c-e and 
Figure A2.1 in Appendix. Therefore, in order to explicitly index the crystallographic 
orientation of each pentacene grain, multiple TSM images must be obtained as a function 
of systematic rotation of the sample. This protocol would require even more imaging in 
order to decipher the homoepitaxial modes in two-layer films since grains of both 
overlayer and underlayer are involved. 
 
5.4  Characterization of Homoepitaxial Growth Modes by 
TSM/FFM 
In order to straightforwardly determine homoepitaxial modes with minimal imaging, 
concurrent FFM and TSM were carried out. FFM and TSM can be performed on the 
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same SPM set up, and the only operational difference between the two is the scan angle, 
i.e., the angle between the fast scan direction and the cantilever long axis. The scan angle 
is 90° for FFM and 0° for TSM. Although it is impossible to index the exact 
homoepitaxial modes with a single image by either technique, a combination of the two 
provides sufficient information for quick assignments of the homoepitaxial modes, as will 
be shown later.  
An example of TSM imaging on pentacene two-layer films thermally deposited on 
PMMA is shown in Figure 5.2. Both topography and TSM images were simultaneously 
acquired. According to the topography image, under the low flux growth conditions, 
pentacene forms dendritic second layer grains on top of a complete first layer, which is 
known as Stranski-Krastanov growth behavior (wetting layer plus island growth).
48
 The 
TSM images, at first glance, display much richer contrast than the topography images 
with grain orientations of both layers clearly resolved. A closer look at the TSM images 
reveals that there are two distinct types of second layer grains based on the interlayer 
TSM contrast. The type A second layer grain, as denoted in Figure 5.2b, cannot be 
distinguished easily from the first layer as it shows very similar or identical TSM contrast 
as the underlying first layer. The type B grain (a large part of it), on the other hand, 
exhibits sharp TSM contrast with respect to the first layer underneath. 
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Figure 5.2 Topography and corresponding TSM images of pentacene two-layer films grown 
on PMMA. 
(a) Topography of pentacene on PMMA showing continuous first monolayer and dendritic 
second layer grains. (b) Simmultaneously acquired TSM image of film in (a) with grains of both 
layers showing rich contrast. Two types of second layer grains are labeled. Type A grain: second 
layer grain which has almost the same TSM signal as the underlying first layer; possibly 
commensurism or non-epitaxy is adopted. Type B grain: second layer grain with distinct TSM 
signal than the underlying first layer and it is either non-epitaxial or coincident with respect to the 
first layer. 
 
 
Unambiguous assignments of the homoepitaxial modes are impossible based on 
Figure 5.2b alone since both layers could have a spread of orientations according to the 
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TSM signals and the relationship between the actual orientations is unknown. For 
example, the type A grain is either commensurate, in which case its actual orientation is 
exactly the same as that of the underlayer, or it is incommensurate if the actual 
orientations of the two layers misalign with each other. For example, the underlayer 
could correspond to (iii) in Figure 5.1a and the overlayer could be (i); both orientations 
give the same TSM contrast and yet there would clearly be no commensurate registry 
between the two layers. The type B grain, although it must exhibit a different orientation 
than the first layer, is not unambiguously non-epitaxial as coincident epitaxy also exhibits 
different interlayer grain orientations. Even with these uncertainties, it is conclusive from 
the TSM image that there are mixed homoepitaxial modes in the pentacene second layer 
for films deposited on both PMMA and SiO2. Similar observations are also made for 
pentacene films grown at different deposition conditions, i.e., different substrate 
temperatures (see Figure A2.2 in Appendix). 
An example of high resolution friction imaging of pentacene two-layer films is given 
in Figure 5.3. The pentacene second layer exhibits striking friction variation even within 
the same pentacene grain, whereas the first layer displays minimum friction contrast. 
Unlike the TSM signal which varies continuously from the darkest to the brightest,  
friction of the pentacene second layer only shows two distinct signals, denoted as low 
friction (LF) and high friction (HF), respectively. It is important to note that the low 
friction domain is well confined within the grain boundaries (GBs) of the first layer right 
beneath the center of the second layer dendrite, where the second layer grain nucleated. 
Where the arms of the second layer dendrite have grown so as to cross the grain boundary 
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in the first layer, these portions of the arms display much higher friction. Clearly, the 
change of the friction signals is strongly associated with the interlayer relationship, or 
homoepitaxy. 
 
Figure 5.3 High resolution friction image illustrating friction variations within the same 
pentacene second layer grain. 
There are low friction (LF) and high friction (HF) domains coexisting in the same second layer 
grain. The more ordered LF domain is confined within the grain boundary (GB) of the first layer 
right beneath the center of the second layer dendrites (i.e., nucleation center), indicating that the 
second layer grain initially nucleated atop of the first layer epitaxially. The transition from LF 
(more ordered) to HF (less ordered) occurs when the arms of the dendrites span across the GB of 
the underlying first layer, implying the loss of epitaxy. Inset: height image obtained 
simultaneously with friction and no information about the specific epitaxial modes is revealed. 
 
It is known that friction signals obtained from FFM are directly related to the degree 
of order/disorder in a molecular film,
72, 77, 81, 82, 178, 179
 i.e., less ordered molecular 
arrangements generally lead to higher friction due to the presence of a larger number of 
dissipative modes. Therefore, it is reasonable to assign the low friction (more ordered) 
domains as epitaxial and the high friction (less ordered) domains as non-epitaxial. The 
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transition from low friction to high friction is hence an indication of the loss of epitaxy. 
This important conclusion is also supported by combined TSM and FFM imaging 
described below. Such transitions repeatedly occur when a second layer grain overgrows 
a first layer grain where it nucleated to cover a neighboring first layer grain. This 
situation is common and reflects the evolution of homoepitaxial relationships during film 
growth. Note also that similar friction maps have been obtained for pentacene two-layer 
films thermally deposited on a number of polymeric substrates, such as polystyrene (PS) 
and poly(α-methyl)styrene (PαMS).180 This suggests that similar growth modes are 
commonly adopted by pentacene thin films thermally deposited on a variety of organic or 
inorganic dielectrics. More importantly, it also strongly validates friction as a general 
indicator for epitaxy and non-epitaxy in such polycrystalline two-layer organic films. 
By combining the information obtained from friction and TSM images, the 
homoepitaxial modes can be determined conveniently. This is the central thesis of our 
current work. Figure 5.4a and 5.4b show the friction and TSM images of a pentacene 
two-layer film grown on PMMA. For instance, a domain of non-epitaxy can be identified 
easily according to Figure 5.4a and 5.4b, i.e., high friction and large TSM contrast. 
Similarly, for the grain in the lower part of Figure 5.4a and 5.4b, epitaxy is identified by 
low friction despite the distinct TSM signals between the overlayer and underlayer. 
Evidently, the overlayer grain has a coincident epitaxial relationship with the underlayer, 
in which there is a defined angle of twist in the interlayer relationship.
164
 Slightly more 
complicated is the domain on the top part of Figure 5.4b. It exhibits similar TSM signal 
strength to the underlying first layer, which reflects either a commensurate or 
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incommensurate (coincident or non-epitaxial) relationship as discussed above. In Figure 
5.4a, the friction contrast of the same domain clearly shows low friction, which rules out 
non-epitaxy. In addition, the TSM signal indicates that the crystallographic orientations 
of both layers are close to (ii) as in Figure 5.1a, suggesting an absence of coincident 
registry. Thus, we can determine that the homoepitaxial mode of this domain is 
commensurism. Such different homoepitaxial modes (commensurism, coincidence, and 
non-epitaxy) observed in pentacene two-layer films on PMMA agree well with our 
previous observation in pentacene films on SiO2.
148 
But instead of repeated TSM imaging 
and analysis of a large number of images at different azimuthal sample orientations, the 
homoepitaxial modes are more simply identified by capturing single TSM and FFM 
images of the same area. Only a change of scan angle by 90° is required to switch back 
and forth from the two imaging modes. Also, contrast variations on the sub-micrometer 
scale are clearly distinguished. It is also worth noting that the total signal range of FFM 
images is often 5-10 times larger than TSM images, and thus FFM images usually have a 
much higher signal/noise ratio than TSM images, yielding sharper contrast. 
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Figure 5.4 Determination of epitaxial modes with the combination of friction and TSM 
contrasts. 
(a) Friction image of pentacene two-layer film on PMMA with epitaxial (LF) and non-epitaxial 
(HF) domains labeled. Inset: simultaneously obtained height image. (b) TSM image of the same 
film in a. Commensurate, coincident, and non-epitaxial domains are determined with the aid of 
friction in a. (c) Statistical analysis of different epitaxial modes adopted by pentacene second 
layer grains for films deposited on PMMA and SiO2. 
 
In summary, the rules for epitaxial assignments are as follows: 
1. Coincidence: low friction of the overlayer domain and, simultaneously, 
distinguishable TSM contrast between the overlayer and the underlayer; 
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2. Commensurism: low friction of the overlayer domain and, simultaneously, no 
interlayer TSM contrast (bright on bright or dark on dark in TSM image); 
3. Non-epitaxy: high friction; The TSM contrast is not important; 
4. Uncertain (possible coincidence/possible commensurism): low friction of the 
overlayer domain and, simultaneously, no interlayer TSM contrast (intermediate 
on intermediate in TSM image). 
With the convenience of this combined FFM/TSM route, we were able to perform a 
statistical analysis to examine the relative population of different homoepitaxial growth 
modes in the second layer of pentacene films deposited on different dielectrics. For each 
substrate, corresponding FFM and TSM images (about 10 pairs) acquired in random 
areas of pentacene bilayers from multiple depositions were studied. Note that only the 
initial homoepitaxial modes adopted by the second layer grains were counted, i.e., second 
layer grains growing across the first layer grain boundaries were not considered. Also, 
second layer grains nucleating very close to or right atop of grain boundaries in the first 
layer (43% of grains in pentacene/PMMA and 35% of grains in pentacene/SiO2) were 
excluded in this analysis since the initial homoepitaxial growth mode is hard to determine. 
As displayed in Figure 5.4c, populations of different homoepitaxial types are determined 
with relatively small uncertainty and there is no apparent difference between films on 
PMMA and SiO2. For both types of films, the majority of second layer grains are 
epitaxial (either commensurate or coincident), indicating that initial registry 
(commensurism) or partial registry (coincidence) of the second layer with respect to the 
first layer is generally adopted when the second pentacene layer nucleates on top of the 
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first layer grains. It is also interesting to note that the population of coincident grains is 
slightly more dominant. 
 
5.5  Commensurism and Coincidence in Pentacene Bi-Layers 
A better understanding of the coincident epitaxy requires knowledge of the twist 
angle between the second layer and the first layer. Statistical analysis was thus carried out 
for the coincident grains underlying Figure 5.4c to obtain the average magnitude of 
interlayer TSM signal difference (Δ). As shown in Figure 5.5a, Δ is a distribution with the 
center being very close the maximum TSM signal difference, which is the difference 
between the brightest and the darkest signals (40 mV in this case). According to the 
orientation dependence of TSM signals shown in Figure 5.1a and the uncertainty from the 
instrument noise, the twist angle between the overlayer and underlayer, i.e., ∆θ, is 
approximately 70-80°. Smaller Δ values are also obtained in coincident grains when both 
overlayer and underlayer deviate from the peak and valley positions in Figure 5.1a and 
yet ∆θ remains the same. 
The two proposed homoepitaxial modes are shown schematically in Figure 5.5c and 
5.5d, respectively. It is generally accepted that thermally deposited pentacene adopts a 
so-called “thin film phase”, which is a strained structure compared to the pentacene bulk 
phase.
43, 48, 52, 172, 181
 The strained structure may be stabilized by the minimized pentacene-
substrate area of the thin film phase; the molecules stand more upright.
52, 181 
It may also 
be attributed to the electrostatic energy associated with the large dipole moment induced 
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in pentacene molecules
 
as it is known that interfaces between pentacene/SiO2 and 
pentacene/polymers exhibit strong electrostatic polarization.
180
 That is, perhaps the more 
upright, strained pentacene growth is stabilized by electrostatic energy. Whatever the 
reason, the compressed state of the pentacene layer immediately adjacent to the substrate 
is known.
48, 52, 181 
The crystallography of the second layer, however, has not been 
explicitly determined to the best of our knowledge, though an abrupt change of the lattice 
parameters is unlikely. For lack of a better alternative, we assume that the second layer 
adopts the same structure as the first layer. Therefore, in commensurate epitaxy, as shown 
in Figure 5.5c, the [100] direction of the overlayer aligns precisely with that of the 
underlayer. In coincident epitaxy, however, the [100] directions of the overlayer and 
underlayer exhibit a twist of approximately 70-80° as determined above. Geometrically, 
in order to realize such a partially registered interlayer relationship, the [110] diagonal of 
the second layer aligns with the [ ̅10] diagonal of the first layer, as depicted in Figure 
5.5d. Note in Figure 5.5b that the angle between the two diagonals in a monolayer unit 
cell is 76°. This alignment can also be justified by the maximized interlayer TSM contrast 
observed in a large number of coincident domains, which, according to Figure 5.1a, 
occurs when the orientations of the two layers correspond to (ii) and (iv), respectively. 
Since such a coincident twist epitaxy is commonly found to compete with commensurism 
in pentacene two-layer films, we speculate that it might relieve some strain in the 
compressed pentacene thin film structure. Regardless, both commensurate and coincident 
epitaxial modes represent registry between the pentacene overlayer and underlayer, and 
are more energetically favorable in the growth of pentacene bilayers on dielectrics. 
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Figure 5.5 Commensurism and coincidence epitaxy adopted by pentacene second layer 
grains. 
(a) Interlayer TSM contrast for commensurate grains in Figure 4(c). The total TSM signal 
difference (from the brightest to the darkest) is 40 mV. The average magnitude of TSM signal 
difference between the overlayer and underlayer (Δ) is close to 0 mV for commensurate second 
layer grains (errors are within the instrument noise floor). (b) Interlayer TSM contrast in 
coincident grains in Figure 4(c). The total TSM signal difference is 40 mV. Δ is close to 40 mV. 
(c) Top view of pentacene monolayer unit cell structure. [Ref. 45 & 47] (d) Oblique view of 
commensurism in pentacene bilayers. All the second layer molecules align precisely with the first 
layer ones. (e) Oblique view of coincident epitaxy in pentacene bilayers. There is a 70-80° twist 
between pentacene second layer and first layer such that there is only partial registry between the 
two layers, i.e., the [110] diagonal of the second layer aligns with the [ ̅10] diagonal of the first 
layer. 
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5.6  Lattice Imaging of Pentacene Bi-Layers 
As an attempt to explicitly determine homoepitaxial types in complementary with the 
combined TSM/FFM method, significant efforts were made to obtain lattice-resolved 
images of individual pentacene layers by imaging, e.g., in-liquid contact mode atomic 
force microscopy (AFM).
182-186
 Dating back to 1989, AFM was found to possess lattice-
resolved imaging capability when operating in water.
182
  As is known, both the AFM tip 
and the sample are typically covered with an adsorbed water layer and other contaminates 
in air, which produce a large adhesion force when the tip and sample are in contact.
187, 188
 
This force thus makes the contact area between the tip and sample too large to achieve 
high resolution.  However, when both the cantilever and the sample are immersed in an 
isotropic liquid environment as illustrated in Figure 5.6a, the large adhesion force is 
eliminated and the applied force to the sample could be better known and controlled. 
Molecular resolution or lattice resolution is thus possible. Extensive lattice resolution 
imaging has been reported by a number of research groups.
183-185, 189
 For example, Ward 
and colleagues have imaged crystalline growth of organic metals on electrode 
surfaces.
186, 189, 190
 Lattice imaging has also been exploited to investigate Langmuir-
Blodgett films,
191
 self-assembled monolayers (SAMs),
192
 etc. But to the best of our 
knowledge, lattice imaging in liquid on vapor deposited organic semiconductor thin films 
has never been reported. 
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Figure 5.6 In-liquid lattice imaging of pentacene bi-layers. 
(a) Schematic of in-liquid contact mode lattice imaging. Both the cantilever and the sample are 
immersed in a liquid cell filled with liquid. Compared to conventional imaging in air, the liquid 
provides an isotropic environment which eliminates the large capillary force formed upon the 
contact of the probe and sample. (b) An example of lattice image (friction mode) obtained for the 
pentacene second layer. The inset shows a 2D FFT pattern of the lattice image with less intense 
signals filtered. The lattice parameter extracted from this example is a ~5.7 Å, b ~6.9 Å, and γ 
~77°. The liquid used to obtain this image was ethanol. 
 
Figure 5.6b shows that it is possible to resolve lattice structures of thermally 
deposited pentacene films by careful optimization of the imaging conditions. Specifically, 
ethanol was used as it is a common, less-toxic, and less-corrosive solvent. DI water was 
also evaluated since it better preserves pentacene film integrity compared to ethanol. The 
trade-off of water lies in the much larger tip-sample attractive interactions, leading to 
noisy images. The inset of Figure 5.6b displays the 2-D fast Fourier transform (FFT) 
spectrum of the corresponding lattice image. The most intense signals form an oblique 
ring structure, which shows the symmetry of the reciprocal lattice of pentacene. The 
lattice parameters extracted from the reciprocal lattice are a: 5.7 Å, b: 6.9 Å, and γ: 77°, 
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respectively. In comparison, the lattice parameters for pentacene thin film phase 
determined by grazing incidence X-ray diffraction (GIXD) are a: 5.9 Å, b: 7.8 Å, and  γ: 
90°.
52
 Apparently, the unit cell structure obtained from lattice imaging is distorted, 
arising from the scanner drift and the surface/tip contaminates.  
 
Figure 5.7 Height, friction, and lattice images of pentacene bi-layers grown on SiO2.  
(a) Height image of pentacene two-monolayer films grown on SiO2. (b) Simultaneously obtained 
friction image. It is interesting to notice that the HF and LF regions can still be distinguished in 
liquid but the magnitude of friction contrast significantly decreased because the applied force in 
this case was smaller. The circled areas were zoomed in to obtain the lattice images. (c) Lattice 
image of LF domain exhibiting reasonable resolution. The 2D FFT spectrum shows symmetry 
reasonably close to the reciprocal lattice of pentacene monolayer structure. The lattice parameters 
determined from the FFT spectrum are ~10% off compared to that of the monolayer structure. 
Note that friction mode was consistently employed in this work since it typically gives better 
lattice resolution. (d) Lattice image of HF domain. The lattice cannot be clearly resolved and the 
2D FFT image shows noisy signals. (e) Lattice image of the first layer. The lattice resolution is 
also poor similar to that in (d).  
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Furthermore, we found that given the substantial measurement noise, lattice-resolved 
images were only obtained from the low friction domains of the second layer, but not 
from any other domains of the film regardless of how optimized the imaging condition 
was, as shown in Figure 5.7. This result is consistent with the epitaxial nature of the low 
friction domain, but unfortunately we were not able to unambiguously identify different 
homoepitaxial modes by direct lattice imaging. 
 
5.7  Conclusion 
In conclusion, we have carried out concurrent FFM and TSM imaging to investigate 
homoepitaxy in pentacene bilayers thermally deposited on two common dielectric 
substrates, PMMA and SiO2. The two SPM imaging modes are mutually complementary 
and integration of the two enables convenient identification of different homoepitaxial 
modes in pentacene second layer domains. It is observed that pentacene second layer 
grains consistently exhibit a mosaic of homoepitaxial modes regardless of the substrate 
type and deposition condition. The majority of the second layer grains adopt a 
commensurate or coincident epitaxial relationship with the first wetting layer. Coincident 
epitaxy, characterized as a crystallographic twist between the overlayer and underlayer, is 
comparable to commensurism in all the investigated films. Collectively, we demonstrate 
that homoepitaxial growth modes contribute significantly to the microstructural 
inhomogeneity in pentacene crystalline thin films deposited on dielectrics. With the 
combined FFM/TSM technique, such microstructural motifs can be feasibly identified 
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such that a deeper understanding of growth and structure-property relationships is 
possible. 
 
5.8  Experimental 
5.8.1 Sample Preparation 
All pentacene films were prepared by thermal evaporation of the source material 
pentacene (Fluka, 99.8%) onto different substrates with chamber pressure ≤2×10-6 Torr 
and a deposition rate ~0.01 Å/sec. A quartz crystal microbalance (QCM) was used to 
control the film coverage by targeting ~50-60% coverage for pentacene sub-monolayers 
and ~120-130% for pentacene two-layer films. The SiO2 substrates used in this study 
were thermal oxides grown on p-doped Si with a thickness of 200 nm. The substrates 
were cleaned by acetone prior to use. Poly(methyl methacrylate) (PMMA) substrates 
were prepared by spin coating corresponding polymer solutions (10wt% PMMA/1,2-
dichloroethane) onto SiO2 (2000 rpm, 30 sec) and baking at 90 °C for 1 hour to remove 
residual solvent. According to atomic force microscopy (AFM) measurements, all the 
spin coated PMMA films have thicknesses around 20-50 nm. Two different substrate 
temperatures were selected (27 °C and 50 °C) for different depositions. 
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5.8.2 Friction Force Microscopy and Transverse Shear 
Microscopy 
FFM is a contact mode SPM technique where the local variations in the sliding 
friction between the probe and the sample are mapped together with topography. The fast 
scan direction of the probe is perpendicular to the long axis of the cantilever. TSM is a 
variant of FFM which has the fast scan direction parallel to the long axis of the 
cantilever. The local variations in transverse shear force between the probe and the 
sample are thus imaged along with topography. All FFM and TSM measurements were 
performed with a Veeco Nanoscope IIIA Multimode 5 Scanning Probe Microscope inside 
an argon-filled glove box with oxygen level <5 ppm. The probes used for all 
measurements were silicon rectangular-shaped cantilevers with integrated contact mode 
probes fabricated by Mikromasch, USA (HQ:CSC37/Al BS, force constant ~0.3 N/m). 
The tip scan rate for a 20 × 20 μm image was 20 μm/s. All the FFM and TSM images 
shown in the figures are the forward trace scans. All images were analyzed by freeware 
Gwyddion.  
5.8.3 In-liquid Lattice Imaging 
In-liquid lattice imaging was carried out on an Agilent 5500 AFM/SPM microscope 
with a PicoScan 3000 controller and a liquid cell. Contact mode was adopted in this 
imaging technique with soft silicon nitride V-shaped cantilevers with integrated contact 
mode probes fabricated by Mikromasch, USA (HQ:CSC38/Al BS, force constant ~0.03 
N/m). The probes were plasma cleaned prior to use.
[44]
 Different liquids were used 
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including ethanol, DI water, and 50wt% ethanol-water mixture for the purpose of good 
lattice resolution or good film integrity, or both.  The applied force used was around 1-5 
nN and the imaging speed for a 20 nm   20 nm was about 20-30 Hz. All lattice images 
were analyzed by freeware Gwyddion. 
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Chapter 6  Strain Effects on the Work Function of an Organic 
Semiconductor 
 
6.1  Overview 
Establishing fundamental relationships between strain and work function (WF) in 
organic semiconductors is important not only for understanding the electrical properties 
of organic thin films, which are subject to both intrinsic and extrinsic strains, but also for 
developing  flexible electronic devices. Here we investigate tensile and compressive 
strain effects on the WF of rubrene single crystals. Mechanical strain induced by thermal 
expansion mismatch between the substrate and rubrene is quantified by X-ray diffraction. 
The corresponding WF change is measured by scanning Kelvin probe microscopy. The 
WF of rubrene increases (decreases) significantly with in-plane tensile (compressive) 
strain, which agrees qualitatively with density functional theory calculations. An elastic-
to-plastic transition, characterized by a steep rise of the WF, occurs at ~0.05% tensile 
strain along the rubrene π-stacking direction. The results provide the first concrete link 
between mechanical strain and the WF of an organic semiconductor and have important 
implications for understanding the connection between structural and electronic disorder 
(charge traps) in soft organic electronic materials. This work is published as Y. Wu, A. R. 
Chew, G. Rojas, G. Sini, A. Belianinov, S. V. Kalinin, H. Li, C. Risko, J.-L. Bredas, G. 
Haugstad, A. Salleo and C. D. Frisbie, Nature Communications 7, (2016). 
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6.2  Introduction 
Strain is known to play a critical role in the physical properties of many conventional 
inorganic semiconductors. For example, strain modifies the band structure and carrier 
mobilities of group IV materials including Si and Ge, as well as III-V materials such as 
GaAs.
193-197
 Consequently, controlled introduction of strain is widely employed to 
engineer the transport and optical properties of these semiconductors for enhanced device 
performance.
198, 199
 Similarly, in soft organic semiconductors that serve as the active 
components in many organic electronic devices,
2, 150, 200-202
 tensile and compressive 
strains modify the material electronic properties and function. An intriguing example is 
the observation by Bao and colleagues that the charge mobility in films of the benchmark 
organic material TIPS-pentacene is enhanced under lattice compression.
203
 Controlling 
and understanding strain effects is thus particularly important for device applications of 
organic semiconductors, especially in the area of flexible electronics, where externally 
applied strains are routine. Both strain-resistant and strain-sensitive device responses
204-
208
 are desirable in flexible circuits, and better knowledge of strain-property relationships 
will facilitate flexible device designs. 
Importantly, better understanding of strain-electrical property relationships is also 
critical for theoretical models of transport in organic semiconductors. Virtually all 
organic semiconductor films exhibit intrinsic non-uniform strains arising from lattice or 
thermal expansion mismatch with the substrate, the presence of defects, or post 
deposition treatments such as thermal annealing.
209-212
 Non-uniform strains in turn lead to 
variations in intermolecular electronic coupling and thus to local differences in 
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bandwidths and band gaps,
213, 214
 i.e., “raggedy” valence (conduction) band edges, which 
can also create shallow charge trap (tail) states. There is therefore the intriguing 
possibility that residual microstrain is a significant cause of charge carrier trapping in 
organic semiconductors. Proving this would be a major conceptual step in clarifying the 
link between structural and electronic disorder, a long-sought goal for organic 
electronics. However, a challenge is that, as far as we are aware, the quantitative 
connection between electronic structure and mechanical strain has never been established 
in these materials. 
Here we take a considerable step in this direction by measuring the effect of tensile 
and compressive strains on the work function (WF) of a prototypical p-type organic 
semiconductor for the first time. The WF is defined as the energy difference between the 
vacuum level (Evac) and the Fermi level (EF), i.e., WF = Evac - EF. Strain can modify Evac 
and EF of a semiconductor by changing the band edge positions, the dopant levels in the 
band gap, or the surface dipoles. Thus, strain impacts the WF. In a p-type crystal of π-
conjugated organic molecules in which the Fermi level is pinned (fixed doping level), 
strain effects on EF can be pictured, to a first approximation, as follows: compressive 
strains increase the frontier orbital (e.g., HOMO) overlap of adjacent molecules, leading 
to a wider valence band,
213
 a higher EF, and a lower WF. Conversely, tensile strains 
increase the separation between molecules, lowering orbital overlap and decreasing 
valence bandwidth and EF, thus increasing the WF. Note that with fixed doping level, the 
WF change can be directly translated to the change of the ionization potential (IP = Evac - 
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EHOMO), which is a more commonly adopted term for describing the electronic structure 
of intrinsic organic semiconductors. 
Our measurements focus on p-type rubrene single crystals, which serve as a model 
material platform for many fundamental studies of organic semiconductor physics due to 
their exemplary transport properties, i.e., the highest reproducible charge-carrier 
mobilities to date have been achieved in single crystal rubrene field-effect transistors 
(FETs).
33
 By adhering thin rubrene crystals onto substrates with coefficients of thermal 
expansion (CTEs) distinctly different from rubrene and varying the temperature, we 
systematically induce large and controlled tensile or compressive strains in rubrene 
crystals and quantify the elastic portion by X-ray diffraction (XRD). The corresponding 
WF of rubrene, measured by temperature-dependent scanning Kelvin probe microscopy 
(SKPM), is found to increase (decrease) with the in-plane tensile (compressive) strain. 
The measured changes in WF (∆WF) are qualitatively confirmed by density functional 
theory (DFT) calculations, and verify that indeed small elastic strains <0.1% can lead to 
∆WF surpassing the room temperature thermal energy kT = 25 meV. Furthermore, we 
find that the onset of tensile plastic strain leads to even larger increases of WF with 
strain. These findings constitute a definitive link between structural deformation and 
electronic disorder in a model organic semiconductor. 
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Figure 6.1 Crystal structure and SKPM measurement of rubrene single crystals. 
(a) Molecular structure of rubrene. (b) Crystal structure in the a-b plane; red arrow: π-stacking 
interaction. (c) Crystal structure in the a-c plane. (d) Orthorhombic structure and lattice 
parameters of rubrene. (e) Optical micrograph of as-grown rubrene crystal. (f) SKPM setup for 
CPD measurement. The sample sits on top of a heating stage and is grounded through gold foil. 
The lift height (d = 50 nm) is used in the “interleave” pass. (g) Topography of rubrene single 
crystal shows typical terrace structure and each terrace has height corresponding to one molecular 
layer. Inset: Step height profile of the dashed line. (h) CPD image obtained simultaneously with 
topography shows nearly homogeneous CPD across the surface. 
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6.3 Rubrene Single Crystals 
The crystal structure of rubrene single crystals grown from the vapor phase is shown 
in Figure 6.1a-d. The crystals adopt an orthorhombic structure and slipped π-stack 
packing motif with the π-stacking direction along the b axis.59 The optical micrograph 
(Figure 6.1e) shows a lath-like single crystal with the largest facet being the (001) plane 
and the longest direction aligned with the b axis. Thin rubrene crystals (~2 μm) are then 
laminated on poly(dimethylsiloxane) (PDMS) or silicon (Si) substrates for XRD and 
SKPM measurements. PDMS is chosen for its significantly larger CTE (~300 × 10
-6
 K
-1
) 
than that of rubrene (~10-80 × 10
-6
 K
-1
)
215, 216
 in order to induce tensile strain in 
laminated rubrene crystals upon increasing the temperature. Si, on the other hand, is 
chosen to induce compressive strain since it has a much smaller CTE (3-4 × 10
-6
 K
-1
) than 
that of rubrene. Table 6.1 lists the CTE values of rubrene, PDMS, and Si. 
Table 6-1 CTE of rubrene, PDMS, and Si. 
 
Rubrene
215
 PDMS
21
7
 
Si
218
 
a b c 
CTE (10
-6
 K
-1
) 78 16 20 300 3-4 
 
Figure 6.1f shows the scheme of the SKPM measurement, which operates in a two-
pass “lift mode” to acquire images of topography and the contact potential difference 
(CPD) between the tip and the sample.
219
 The CPD is related to the WF of the tip and the 
sample by qCPD = WFtip – WFsample, where q is the elementary charge. Therefore, with 
the same tip acting as the reference, the measured CPD change reflects the WF change of 
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the sample, i.e., q∆CPD = -∆WFsample = -∆WF.
22, 180
 Typical topography and CPD images 
of a rubrene (001) surface obtained by SKPM at room temperature are shown in Figure 
6.1g and 6.1h, respectively. The topography image shows a surface with several 
molecularly flat terraces, which extend over a distance of several micrometers. The 
height of each terrace obtained from the profile of the white dashed line, as shown in the 
inset of Figure 6.1g, is approximately 13 Å, which coincides with one-half of the c axis 
unit cell parameter. This is in agreement with previous observations of rubrene molecular 
steps and confirms that there are two nonequivalent molecular planes in the rubrene 
crystal unit cell.
220
 The CPD map (Figure 6.1h), on the other hand, is almost featureless. 
The local CPD variations, characterized by the root-mean-square (RMS) CPD roughness, 
are less than 3 mV for this 20 × 20 μm2 area. The CPD map thus suggests that the rubrene 
(001) surface is electrostatically homogeneous, in accordance with the high structural 
order of rubrene single crystals. It also demonstrates the high voltage resolution of 
interleave-based SKPM (about 1 mV), which allows small WF changes of the sample to 
be resolved. 
 
6.4  Strain Quantification 
In order to quantify the elastic strain induced in rubrene crystals, temperature-
dependent XRD measurements were carried out. By recording the 2θ shifts of rubrene 
(0012), (113), and (313) peaks as a function of temperature and calculating the 
corresponding d-spacings, d0012, d113, and d313, the total elastic strains (ε
total
) along the 
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rubrene a, b, and c axes at different temperatures were computed (see Appendix A3), 
which are composed of both induced mechanical strain (εelastic) and thermal strain 
(εthermal), i.e., εtotal = εelastic + εthermal.  
 
Figure 6.2 Total elastic strain in rubrene single crystals laminated on PDMS and Si at 
different temperatures quantified by XRD. 
(a) Average total elastic strains εtotal of rubrene along a, b, and c axes as a function of temperature 
for crystals laminated on PDMS, which are different from the corresponding thermal strains 
εthermal expected for free rubrene crystals (dashed lines). (b) Average εtotal of rubrene along a, b, 
and c axes as a function of temperature for crystals laminated on Si, different from the 
corresponding εthermal predicted for free rubrene crystals (dashed lines). 
 
Figure 6.2a and 6.2b show the average εtotal for rubrene on PDMS and rubrene on Si, 
respectively, when the samples were heated from room temperature to 75 ºC. Also shown 
are the calculated thermal strains εthermal for free crystals using the reported CTEs.215 
Clearly, the two types of samples show distinct strain behaviors with increasing 
temperature. In Figure 6.2a, rubrene crystals laminated on PDMS exhibit slightly larger 
εtotal along the a axis and much larger εtotal along the b axis compared to εthermal estimated 
for free crystals. εtotal along the c axis of rubrene on PDMS, however, is slightly smaller 
than the estimated εthermal for free crystals. On the other hand, crystals on Si show 
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essentially the opposite behavior, namely much smaller εtotal in the a-b plane and much 
larger εtotal along the c axis than the corresponding εthermal predicted for free rubrene.  
 
Figure 6.3 Illustration of strain components for rubrene on PDMS and rubrene on Si. 
 
Such different strain states for rubrene on PDMS and rubrene on Si are explained by 
the schematics in Figure 6.3a and 6.3b. For rubrene on PDMS, significant expansion of 
PDMS due to its large CTE induces tensile strains in the rubrene a-b plane, resulting in 
εtotal greater than the estimated εthermal of free crystals. The difference in εtotal for the a and 
b axes with respect to the corresponding εthermal may be attributed to the anisotropic CTE 
of rubrene,
215, 216
 i.e., CTE along the a axis (~78 × 10
-6
 K
-1
) is significantly larger than 
that along the b axis (~16 × 10
-6
 K
-1
), which leads to anisotropic CTE mismatch between 
the crystal and PDMS. Furthermore, as a result of the Poisson effect, the substrate-
induced in-plane tensile strain in rubrene exerts a compressive component in the out-of-
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In contrast, the Si substrate has negligible expansion (~0.015%) within the 
temperature range of interest such that the thermal expansion in the a-b plane of rubrene 
is largely constrained. The a and b axes experience compression induced by the substrate, 
offsetting thermal expansion and thus leading to very small εtotal. Similarly, due to the 
Poisson effect, the compressive strain creates tension in the c axis, making εtotal along the 
c axis much larger than the c-axis thermal expansion expected for free crystals.  
The overall tension and compression states of rubrene crystals laminated on PDMS 
and Si, respectively, are illustrated quantitatively by the percentages of unit cell volume 
expansion as shown in Figure 6.3a. Rubrene on PDMS exhibits a total volume increase of 
0.7%, slightly larger than that estimated for free crystals, consistent with net tension, 
whereas the total volume increases by only 0.25% for rubrene on Si, much smaller 
compared to the computed free crystal result and consistent with net compression. 
Though the CTE mismatch between rubrene and PDMS is greater, the magnitude of the 
tensile strain induced in rubrene by PDMS is actually smaller than the compressive strain 
induced by Si. This can be understood by the relative stiffness of rubrene compared to the 
substrates. Rubrene with modulus of ~15 GPa is approximately 10 times softer than Si 
whereas it is over 10
4
 times stiffer than PDMS.
221
 The complexity introduced by the 
compounding effects of CTE mismatch, relative stiffness, and interface adhesion is such 
that the elastic state of the rubrene crystal cannot be calculated and must be accessed 
experimentally by in situ XRD measurements.  
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Figure 6.4 Unit cell volume expansion and substrate-induced elastic mechanical strain εelastic 
of rubrene crystals at different temperatures. 
(a) The unit cell volume expansion for rubrene crystals laminated on PDMS and Si as a function 
of temperature, which are compared with that expected for free crystals. (b) Average induced 
mechanical strain (εelastic = εtotal – εthermal) along rubrene a axis as a function of temperature for 
crystals laminated on PDMS and Si, respectively. (c) Average εelastic along rubrene b axis as a 
function of temperature for crystals laminated on PDMS and Si, respectively. (d) Average εelastic 
along rubrene c axis as a function of temperature for crystals laminated on PDMS and Si, 
respectively. 
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compressive strain, approximately -0.35% and -0.1%, respectively; the tensile strain 
along the c axis reaches over 0.1%. We will show below that the differences in εelastic for 
the two types of samples correlate with dramatically different WF changes.  
 
6.5  Work Function Measurements 
To measure the WF change of rubrene as a function of its mechanical states, SKPM 
as described above was carried out at different temperatures with the same tip as shown 
in Figure 6.5. Note that the WF change of the Pt-coated tip with temperature is not 
significant over the temperature range of interest because the WFs of metals typically 
exhibit a weak temperature dependence (~10
-4
 eV/K).
222
  
Figure 6.5a and 6.5b show the CPD maps of rubrene crystals on PDMS and Si from 
room temperature to 75 ºC. As temperature increases, the CPD of the rubrene (001) 
surface decreases (bright to dark) on PDMS and increases (dark to bright) on Si. The 
CPD evolutions are illustrated quantitatively with the histograms extracted from the CPD 
maps at different temperatures, as shown in Figure 6.5c and 6.5d. For rubrene on PDMS 
(Figure 6.5c), the CPD changes by more than -200 mV from room temperature to 75 ºC, 
whereas for rubrene on Si (Figure 6.5d), it changes by about +120 mV across the same 
temperature range.  
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Figure 6.5 SKPM measurements of rubrene laminated on PDMS and Si as a function of 
temperature. 
(a) CPD of rubrene on PDMS shifts from more positive (bright) to more negative (dark) when the 
sample is heated from room temperature to 75 °C. (b) CPD of rubrene on Si shifts from more 
negative (dark) to more positive (bright) when the sample is heated from room temperature to 75 
°C. (c) CPD histograms extracted from images in panel a. ∆CPD, indicated by the red arrow, is 
defined as the change of CPD at any elevated temperature from that at room temperature, i.e., 
∆CPD = CPD(T) – CPD(r.t.). (d) CPD histograms extracted from images in panel b. 
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WF (∆WF = -q∆CPD) as a function of temperature is plotted for rubrene on PDMS 
(Figure 6.6a) and rubrene on Si (Figure 6.6b), respectively, for samples undergoing 
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increases (∆WF > 0) with increasing temperature on PDMS and there is an evident 
transition when the temperature is close to 50 ºC. First, the WF increases only slightly 
from room temperature to ~50 ºC and then above 50 ºC it increases much more steeply. 
As will be discussed later, we attribute the slope change to the elastic-to-plastic 
transition. Upon cooling, the WF of rubrene decreases continuously (∆WF < 0) and there 
remains a large hysteresis of ~100 meV upon returning to room temperature. An opposite 
trend is observed in rubrene crystals on Si, as shown in Figure 6.6b. The WF of rubrene 
decreases (∆WF < 0) with increasing temperature, and unlike rubrene on PDMS, there is 
no obvious slope change upon heating and the hysteresis between heating and cooling is 
almost negligible: the WF comes back to its original value at the end of the cycle. 
Overall, Figure 6.6 demonstrates that changes in WF are significant for both types of 
samples and there is a qualitative difference in behavior for rubrene on PDMS and 
rubrene on Si. 
 
Figure 6.6 Average ∆WF of rubrene as a function of temperature for rubrene on PDMS and 
rubrene on Si. 
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6.6  Strain-Work Function Relationship and the Origin 
Figure 6.7 illustrates ∆WF as a function of εelastic (tensile and compressive) in 
rubrene. ∆WF is plotted versus the b axis elastic strain for simplicity because it is 
reasonable to suppose that the relative significance of mechanical strains along different 
axes is positively correlated with the strength of intermolecular interactions, i.e., b axis 
(π-stacking direction) > a axis >> c axis. It is evident from Figure 6.7 that WF increases 
significantly with tensile strain and decreases with compressive strain, and that the 
changes can be much greater than kT (25 meV) at room temperature. A similar trend of 
the WF change has been observed or predicted in strained Si and graphene.
223-225
  
 
Figure 6.7 ΔWF as a function of substrate-induced εelastic (tensile and compressive strain) 
along the b axis. 
The WF increases with tensile strain and decreases with compressive strain. Note that ΔWF in the 
shaded region is mainly a result of plastic deformation instead of elastic tensile strain. 
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We attribute the measured ∆WFs to the substrate-induced mechanical strains εelastic in 
rubrene crystals - instead of intrinsic changes with temperature or surface contamination - 
for several reasons. First, ∆WF is completely opposite for rubrene on PDMS versus 
rubrene on Si even though they experience the same temperature change. This rules out 
temperature as the dominating factor for ∆WF. Second, although in general the WF may 
be affected by surface contamination, it is unlikely to result in the systematic WF trends 
we observed, including the hysteresis in rubrene on PDMS. Third, we performed static 
level (T = 0 K) density functional theory (DFT) calculations of ∆WF as a function of 
strain as is shown in Figure 6.8a and 6.8b. Although they do not match quantitatively, the 
calculations predict the same signs for ∆WF as observed experimentally and thus 
qualitatively support our conclusion that ∆WF is dominated by mechanical strain (see 
Appendix A3).  
To estimate ∆WF by DFT, the evolution of the valence band maximum (VBM) and 
the potential energy of an electron at the vacuum level (Evac) were calculated based on the 
crystal structures of rubrene under the experimentally-attained mechanical strains; we set 
WF = Evac – EF ≈  Evac – VBM such that ∆WF ≈  ∆Evac – ∆VBM. This definition of WF is 
justified because we expect EF of rubrene to lie closer to the VBM and to track the VBM 
because of Fermi level pinning or partial pinning, i.e., the offset between EF and VBM is 
set by the natural p-type doping of as-grown rubrene. From Figure 6.8a and 6.8b, it is 
clear that the signs of the calculated ∆WF are determined by ∆VBM. Further, the 
calculated ∆VBM is consistent with qualitative expectations, namely that tensile strain 
decreases HOMO-HOMO (π-π interaction), lowering the VBM and thus increasing the 
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WF (∆WF > 0). Compressive strain, on the other hand, increases the π-π interaction, 
which increases the VBM and decreases the WF (∆WF < 0).  
 
Figure 6.8 ΔWF as a function of εelastic for forward and reverse strains. 
(a) ΔWF as a function of elastic tensile strain for forward and reverse strains. There is an elastic-
to-plastic transition characterized by a sudden rise in ΔWF with strain. There is a large hysteresis 
of ΔWF, indicating the effect of plastic deformation. The DFT calculation results are shown by 
the dashed line (-ΔVBM) and the solid line (ΔWF). The calculated -ΔVBM and ΔWF slightly 
increase with elastic tensile strain, a trend that qualitatively agrees with the experimental results. 
The quantitative disagreement between the calculations and the experimental results in the high-
strain regime is attributed to plastic deformation which is not considered in the calculations. (b) 
ΔWF as a function of elastic compressive strain for forward and reverse strains. The WF 
decreases with strain smoothly and no apparent elastic-to-plastic transition is observed. There is 
negligible hysteresis of ΔWF. The calculated -ΔVBM and ΔWF decrease with elastic tensile 
strain, in qualitative agreement with the experimental results. 
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The discrepancy between the calculations and experiments may have several origins. 
First, we note that the calculations did not and cannot take into account plastic 
deformation that occurs for the case of rubrene on PDMS. So in this case, comparison is 
only fair at the lowest strains, and here the number of data points is sparse. Second, 
within the elastic strain regime, the calculations only simulate a static picture, whereas 
dynamic effects with increasing temperature (e.g., local/non-local electron-phonon 
couplings) are not considered. Such dynamic effects are expected to be more significant 
in the case of compressive strain. Indeed, a larger quantitative discrepancy with the 
experimental results is observed for compressive elastic strain (Figure 6.8b)  
The WF trend in the high-tension regime (Figure 6.7 and Figure 6.8a) is ascribed 
primarily to the effect of plastic deformation based on two experimental observations. 
One is the sudden steep rise in ∆WF at ~0.05% strain, which is not associated with any 
noticeable signs of surface roughening or structural instability (e.g., cracks). It is known 
from the literature that yield strains for organic crystals are typically <0.1%,
226
 consistent 
with our assignment. A similar WF-strain relationship upon yielding has also been 
reported for metals.
227
 The other important observation is the large hysteresis in ∆WF 
when elastic tensile strain recovers. This non-recoverable ∆WF is also strongly indicative 
of plastic strain. In compression, however, ∆WF decreases smoothly as a function of 
strain without any significant transition point or hysteresis, suggesting that the yield point 
is not reached. The yield strain is therefore higher for compressive strain than tensile 
strain, which is also in agreement with observations in other materials and could be due 
to larger friction between slip layers under compression.
227
 The association of plastic 
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deformation with a large non-recoverable ∆WF strongly suggests the existence of a 
relationship between defects such as dislocations and charge trapping in organic films. 
 
6.7  Conclusion 
In summary, by utilizing thermal expansion of the substrate, we have induced 
controlled and quantifiable tensile and compressive strains in rubrene single crystals. The 
change of WF as a result of induced strain is measured by SKPM. The WF increases with 
tensile strain (elastic and plastic) and decreases with compressive strain in the a-b plane 
of rubrene crystals, confirmed qualitatively by DFT calculations. In tension, the WF 
increase is slight but measurable by SKPM in the elastic regime. The WF increase 
becomes much more significant upon the onset of plastic deformation, which occurs at a 
relatively small tensile strain (<0.1%). In compression, the WF decreases smoothly with 
increasing strain and no apparent cross-over from elastic to plastic behavior is observed 
within the investigated strain range. We propose that strain-induced WF variations will 
lead to band-edge fluctuations, which can impact charge transport, and are an important 
mechanism for the creation of electrostatic disorder (e.g., band-tail states) in organic 
semiconductors. As organic thin films will typically have residual microstrain, the 
sensitivity of WF to strain in organic semiconductors has great implications for the 
fundamental electrical properties of these materials and their performance in devices. 
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6.8  Experimental 
6.8.1 Sample Preparation 
Rubrene single crystals were grown by physical vapor transport using ultrapure Ar as 
carrier gas.
58
 Commercially available rubrene (sublimed grade, 99.99%, Sigma Aldrich) 
was used as received as the source material. The sublimation temperature was ~280 °C. 
Only thin crystals (<5 μm) with uniform crystalline regions and smooth/clean surfaces 
were selected for sample preparation. Thicknesses of the crystals were measured by 
surface profilometry (KLA-Tencor P-16 surface profiler). The average thickness of all 
crystals used was ~2 μm. Freshly made crystals were laminated onto either PDMS or 
silicon substrates. Spontaneous adhesion of the crystals to the substrates occurred. In 
order to electrically ground the sample, vapor deposited gold film with thicknesses 
around 500 nm was removed from a Si substrate and transferred to cover part of the 
crystal by tweezers, and silver paint was then used to connect the gold film to the metal 
SKPM sample puck. 
6.8.2 Scanning Kelvin Probe Microscopy 
SKPM measurements were performed with a Cypher ES™ Environmental AFM 
(Asylum Research), which works in a two pass “lift mode”. In the first pass of each line 
of an image, the conductive probe scans the rubrene surface in attractive-regime dynamic 
mode to generate the topographic data under conventional amplitude-modulation 
feedback (also known as “AC” or “tapping” mode) while mechanically vibrating the 
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cantilever near resonance. The attractive-regime dynamic mode was used since it better 
preserves the probe and thereby allows meaningful CPD comparison among different 
measurements.
 
To stabilize performance in the attractive regime, the cantilever was 
driven at a drive frequency slightly larger (~150 Hz) than the fundamental resonant 
frequency, and the setpoint amplitude was about 90% of the free amplitude (~90 nm). In 
the second “interleave” pass, the probe was lifted to a constant height above the surface 
and scanned the topographic trajectory acquired in the first pass. A tip-applied AC bias 
resonantly excited the cantilever (via a time-varying electrostatic force gradient between 
tip and sample) while a DC bias was adjusted under feedback so as to null the AC 
excitation by matching (and thus measuring) the CPD point-to-point across the surface.
135
 
The samples were heated with an integrated heating stage at a heating rate of ~2 °C/min. 
The samples were held for ~10 min at the target temperature and the CPDs of the same 
area were measured multiple times. Note that the cantilever vibrational tuning was 
repeated at each temperature to account for changes in resonant frequency with 
temperature. The typical probes were from Nanosensors (PPP-EFM-W, Pt/Ir coated, 
resonant frequency ~75 kHz, spring constant ~2.8 N/m). The lift height during the second 
pass was 50 nm, which was beyond the range where van der Waals forces come into play. 
The applied AC voltage in SKPM was 0-+3 V in amplitude. The SKPM images were 
analyzed using the freeware Gwyddion. 
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6.8.3 X-Ray Diffraction 
In-situ XRD measurements were carried out with a PANalytical X’Pert Pro X-ray 
diffractometer with a Cu Kα source operated at 45 kV and 40 mA filament current. The 
samples were slowly heated (~2 °C/min) to target temperatures using a thermal stage 
connected to an Anton Paar temperature control unit (TCU 150) within the 
diffractometer. The samples were allowed to stabilize at the target temperature for ~10 
min before the diffraction peaks of interest were measured. To more accurately study the 
weakly diffracting off-axis peaks, 2D reciprocal space maps were measured. Detailed 
calculations of strain based XRD measurements are shown in Appendix A3. 
6.8.4 Density Functional Theory Calculation 
The geometric and electronic properties of strained rubrene single crystals were 
computed at the density functional theory (DFT) level with the VASP code.
228
 The PBE 
functional were used with a plane-wave basis set (300 eV cutoff) and projector 
augmented wave potentials.
229, 230
 The DFT calculations were carried out using on a 
2×2×1 k-point grid and a Gaussian smearing with 0.10 eV width. The calculations 
considered the effects due to elastic strain in a static sense (that is, the dynamic motions 
of the molecules at a given temperature were not explicitly considered), with the unit-cell 
parameters chosen as those modified by mechanical strain obtained experimentally. For 
each crystal structure, the molecules within a unit cell were allowed to fully relax while 
the lattice parameters remained fixed to the experimental values. Next, a periodic slab 
containing two layers of rubrene molecules was extracted from the 3D structure, with 30 
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Å of vacuum space placed between each slab (to prevent spurious inter-slab interactions). 
The molecules were then allowed to further relax within the fixed surface (slab) unit cell. 
The WF was determined by tracking the evolution of the potential energy of an electron 
at the vacuum level (Evac) and the valence band maximum (VBM), as a function of the 
change in the (experimentally observed) lattice parameters due to mechanical strain. 
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Chapter 7  Future Work 
 
7.1  Resolution Enhancement of In-Liquid Lattice Imaging 
As discussed in Chapter 5, although lattice-resolved images of pentacene bi-layers 
on dielectrics is possible by in-liquid AFM, the significant noise caused by instrument 
drift and/or the tip/sample contaminations leads to distorted lattice structures obtained 
from the low friction (LF) region of the pentacene second layer, and loss of lattice 
resolution from the pentacene first layer and the high friction (HF) domains of the second 
layer. This hinders the direct determination of the homoepitaxial type. Therefore, it 
would be helpful to improve the resolution of in-liquid lattice imaging. In this section, 
two methods are proposed, namely, to explore more liquid options, and to calibrate the 
lattice images by references. 
Explore more liquid options. It is known that the imaging environment is critical 
for the resolution of the lattice-resolved images.
231
 In my previous work, two common 
liquids, DI water and ethanol, were used for the lattice imaging, as shown in Figure 7.1. 
The comparison of the two liquids shows that the imaging resolution is very sensitive to 
the type of liquid used as it largely affects the force curve. Also, there is a trade-off 
between lattice resolution and the film integrity. As can be seen in the results, imaging in 
ethanol renders the best lattice resolution and the lattice image (Figure 7.1b) shows much 
less noise than those obtained in water (Figure 7.1e) and water-ethanol mixture (Figure 
7.1h). However, the film is quickly “dissolved” by ethanol as shown in Figure 7.1a. The 
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water-ethanol mixture seems to be the best in terms of obtaining a balance between the 
lattice resolution and the film integrity. However, the obtained lattice images are still too 
noisy to reflect the true structure of the film.  
 
Figure 7.1 Comparison of different liquids for lattice imaging. 
There is a trade-off between the film integrity and the lattice resolution. In ethanol (a-c), very 
small adhesion force gives rise to good lattice resolution. However, the pentacene film, 
especially the first monolayer, is not stable. In water (d-f), the film is intact but much larger 
adhesion force makes the lattice resolution much worse. In 50 wt% water-ethanol mixture (g-
i), the film morphology can be maintained and the lattice resolution is somewhat acceptable. 
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Therefore, more liquid options need to be explored to achieve less destructive 
imaging with minimized attractive force between the tip and the sample. Note that it 
would be better to use liquids that are polar,
232
 less toxic, and less corrosive. Table 7.1 
lists several solvents that have been investigated in literature. The van der Waals force 
relative to the vacuum and the type of interaction between the tip and the sample are 
given, and are compared with that of water.
232
 
Table 7-1 Different liquids for lattice imaging. 
Liquid Van der Waals Force Relative to Vacuum Type of Interaction 
CCl4 4.4% Attractive 
Glycerol 3.6% Repulsive 
H2O2 2.7% Attractive 
Glycol 1.6% Attractive 
Formamide 0.8% Repulsive 
H2O 22% Attractive 
 
Calibrate the lattice images by references. As shown in Figure 5.6, distorted lattice 
structures are obtained from the LF region of the pentacene second layer mainly due to 
instrument drift. Note that although the thin film phase structure of the pentacene first 
monolayer is known, the structure of the pentacene second layer has never been explicitly 
determined. Therefore, if the distortion can be calibrated, the second layer structure of 
pentacene can be potentially determined by the lattice images. A solution to this problem is to 
use references with known lattice structures and also easy to image. 
In my previous study, freshly cleaved mica was used as the reference. Mica is a subset of 
the phyllosilicates (sheet silicates). Classification of the phyllosilicates is based on their 
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octahedral layers, which may be either all filled trioctahedral layers or two-thirds filled 
dioctahedral layers. These closely related materials all have perfect basal cleavage and are all 
monoclinic with a tendency towards pseudohexagonal crystals. The outermost mica surface 
typically exposes a hexagonally arrayed pattern of oxygen atoms, with a periodicity of 0.52 
nm as shown in Figure 7.2. The reciprocal lattice structure of mica obtained from in-liquid 
AFM imaging are shown in Figure 7.3. Unfortunately, the lattice structures obtained from the 
same area show quite significant drift from each other, and using either of them as a 
reference is associated with errors. Therefore, more lattice imaging needs to be carried out 
until reproducible lattice images of the reference are obtained. Also, efforts need to be made 
to vary the type of liquid and the applied force so that the imaging is better optimized.  
 
Figure 7.2 Outermost mica surface. 
 
 
Figure 7.3 Reciprocal lattice structures obtained from the same mica surface by in-liquid 
AFM. 
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Overall, as can be seen from the above discussion, the two methods are indeed coupled. 
Optimized liquid, as well as imaging force needs to be determined that works both for the 
sample and the reference such that the lattice distortion can be calibrated with the known 
structure of the reference.  
 
7.2  General Correlation between Homoepitaxial Growth 
Modes and Surface Potential Inhomogeneity 
As shown in Chapter 4, SKPM provides the potential method to identify domains 
with different homoepitaxial growth modes in organic semiconductor bi-layers. Also, 
Chapter 5 shows that the homoepitaxial growth modes can be conveniently and explicitly 
determined by a combination of FFM and TSM. Since our previous studies have been 
mainly focused on pentacene films on different dielectrics, it would be interesting to 
extend the studies to other common molecular organic semiconductors and to 
demonstrate that the relationship between homoepitaxial growth modes and surface 
electrostatic potential is general in other soft, polycrystalline organic bi-layers. 
For this study, the organic semiconductors need to be able to form polycrystalline 
films on common dielectric substrates by thermal evaporation. Also, the film formation 
needs to be in layer-by-layer or layer-plus-island fashions. In my previous research, 
several organic molecules were investigated as listed in Figure 7.4.  
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Figure 7.4 Molecular structures of candidate organic semiconductors. 
 
The above molecules were found to exhibit similar growth behavior as pentacene 
when thermally deposited on common dielectric substrates, such as PMMA and SiO2. 
The AFM topography images of the sub-monolayer and multi-layer films are shown in 
Figure 7.5. The morphologies of DNTT and 6P bi-layers are very similar to pentacene bi-
layers, i.e., dendritic second layer grains growing on top of almost closed first layer. The 
multi-layer films of PTCDI-C8, however, show very different morphology. The second 
and the third layer grains seems to exhibit some preferential elongation along certain 
orientations.  
Therefore, the next step is to carry out SKPM and FFM/TSM imaging on these films. 
It is reasonable to expect mixed homoepitaxial types, i.e., epitaxy and non-epitaxy, in all 
these films due to their polycrystalline nature. The different strain states and/or defect 
densities associated with the epitaxial and non-epitaxial domains will lead to lateral 
variations of the surface electrostatic potential. It would be interesting to identify the 
a
b
c
N,N′-Dioctyl-3,4,9,10-perylenedicarboximide
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different domains, to quantify the occurrence of different homoepitaxial types, and to 
measure the surface potential differences in different organic thin films. 
 
Figure 7.5 Topography of sub-monolayer and multi-layer films of DNTT, PTCDI-C8, and 
6P on dielectrics. 
(a-b) DNTT sub-monolayer and bi-layer films deposited on PMMA. The morphology is very 
similar to pentacene films on PMMA. (c-d) PTCDI-C8 sub-monolayer and multi-layer films 
deposited on SiO2. The second and the third layer grains exhibit some preferential elongation 
along certain directions. (d-e) 6P sub-monolayer and multi-layer films deposited on SiO2. 
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Appendix  
A1. Supplementary Information for Chapter 4 
Table A1-1 Summary of polymer properties 
Polymer 
  
   
 
  
Short 
Name 
PS PMMA PαMS PVPh PMS PtBS PBS PCS 
Mw 
[kg/mol] 
350 350 65 35 72 50-100 65 75 
Tg [°C] ~100 ~125 ~180 ~170 ~108 ~137 ~118 ~110 
Water 
Contact 
Angle 
[°] 
86±1 72±2 90±1 73±2 97±1 101±1 96±1 92±1 
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Figure A1.1 An example demonstrating the histogram analyses for individual regions using 
freeware Gwyddion. 
(a) Surface potential image of pentacene two-layer film deposited on PVPh. (b) Corresponding 
histogram for the entire image of (a). (c) The first layer is masked and by shrinking the mask 
pixiel by pixiel the boundary between the second layer and the first is exposed. (d) Histogram of 
masked region of (c). (e) The low surface potential region of the second layer (2b) is masked and 
similarly, the edge is not included to avoid the tip convolution. (f) Histogram of masked region in 
(e). (g) the high surface potential domain of the second layer (2a) is masked with boundary being 
excluded. (h) Corresponding histogram of masked region in (g). 
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Figure A1.2 Surface potential histograms of pentacene sub-monolayer films grown on 
different substrates. 
Top: surface potential histogram of pentacene sub-monolayers on PS, PMMA, PαMS, and PVPh 
directly obtained from an entire potential image using Gwyddion. A broad distribution is shown 
in all the four different films. Bottom (from Figure 4.2): Potential histogram of the same image 
obtained by placing mask on the substrate or pentacene grains, and extracting histograms for 
masked region only. Two peaks representing the surface potential distribution of the substrate 
(blue) and pentacene islands (orange), respectively, can be clearly distinguished. 
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region only. Two peaks representing the surface potential distribution of the substrate (blue) and 
pentacene islands (orange), respectively, can be clearly distinguished. 
 
-30 -20 -10 0 10 20 30
 
 
 
 
-30 -20 -10 0 10 20 30
 
  
 
 
 
 
 
-30 -20 -10 0 10 20 30
 
 
 
 
a)
 
 
-30 -20 -10 0 10 20 30
 
 
b)PS c) d)PMMA PMS PVPh
Surface Potential/mV
C
o
u
n
ts
a b c d
-40 -20 0 20 40 60
 
  
 
 
  
 
-40 -20 0 20 40 60 80
 
  
 
 
  
 
-60 -40 -20 0 20 40 60
 
  
 
 
 
 
 
-60 -40 -20 0 20 40 60
 
  
 
 
 
 
 
-60 -40 -20 0 20 40 60
 
 
 
 
 
 
 
 
a) b) c) d) e)PMS PtBS PS PBS PCS
Surface Potential/mV
C
o
u
n
ts
a b c e
  171 
 
Figure A1.4 Surface potential histograms of pentacene sub-monolayer films grown on PBS 
at different substrate temperatures. 
Top: surface potential histograms of pentacene sub-monolayers grown on PBS at 27 °C, 40 °C , 
50 °C, and 60 °C directly obtained by histogram analysis of an entire potential image by 
Gwyddion. Bottom (from Figure 4.6): Potential histogram of the same image obtained by placing 
mask on the substrate or pentacene grains, and extracting histograms for masked region only. The 
potential convolution effect is largely eliminated and two clear peaks are shown in the potential 
histogram, representing the surface potential distribution of the substrate (orange) and pentacene 
grains (blue), respectively. 
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Figure A1.5 Surface potential histograms of pentacene bi-layers grown on different 
substrates. 
Top: surface potential histogram of pentacene bi-layers grown on PS, PMMA, PαMS, and PVPh 
directly obtained from an entire potential image by Gwyddion. A broad distribution is shown in 
all the four different films only with (d) displaying three peaks. Bottom (from Figure 4.8): 
Potential histogram of the same image obtained by placing mask on the first layer or the two 
different domains of the second layer, and extracting histograms for masked region only. Three 
peaks representing the surface potential distribution of the first layer (orange), 2a domains (red), 
and 2b domains (green) respectively, can be clearly distinguished. 
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Figure A1.6 Surface potential as a function of substrate temperatures for pentacene sub-
monolayers grown at different temperatures. 
The plotted CPD is defined as the difference between surface potential of pentacene grains and 
that of the bare substrates and each CPD was obtained from averaging peak-to-peak separation of 
histograms of at least two different samples in six measurements. Significant CPD difference can 
be seen by varying TS. 
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Figure A1.7 Quantitative summary of CPDs as a function of the monomer dipole moment, 
with all investigated polymers plotted. 
All the films were deposited when the substrates were at room temperature. The CPDs were 
calculated using the surface potential peaks of pentacene and substrate, respectively, from 
potential histograms of at least two different samples in six measurements. The dipole moments 
of the monomers were calculated using the software ChemDraw. PMMA and PVPh deviate from 
the linear CPD/dipole moment relationship as observed in all the other polymers probably due to 
their smaller hydrophobicity. 
 
 
Figure A1.8 Plot of intra-layer surface potential difference as a function of substrate 
temperature. Not a strong dependence is found. (Data were taken from pentacene/PVPh 
films) 
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A2. Supplementary Information for Chapter 5 
 
Figure A2.1 Dependence of TSM signal on the grain orientation and detemination of 
specific grain orientation for grains (Grain A, B, and C) labeled in Figure 5.1. 
The TSM signal could indicate two different grain orientations in most circumstances. The 
instrument noise gives each TSM signal errors comparable to the total signal level. Therefore, 
with the uncertainty of TSM signals, ranges of grain orientations are determined instead of 
explicit grain orientations. 
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Figure A2.2 Topography and corresponding TSM images of pentacene bi-layers deposited 
on SiO2 and PMMA at low and high substrate temperatures. 
There are some differences in film morphology and nucleation density for films deposited on 
different substrates and at different substrate temperatures. The TSM images all show rich 
contrast, indicating grain orientations of both layers. There is always co-existence of type A and 
type B grains as defined in Figure 5.2, implying mosaic homoepitaxy regardless of the substrate 
type and deposition condition. 
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A3. Supplementary Information for Chapter 6 
Measurement of Strains. XRD measurements were carried out to quantify the shift 
of 2θ positions of rubrene (0012), (313), and (113) diffraction peaks as a function of 
temperature. Examples of the raw data are shown in Figure A3.1. Out-of-plane 2θ-ω 
coupled scan was used to measure rubrene (0012) peak for both rubrene on PDMS and 
rubrene on Si. Off-axis 2θ-ω coupled scan was used to measure rubrene (313) and (113) 
diffraction peaks for rubrene on Si. The (313) and (113) peaks of rubrene on PDMS were 
measured by 2D reciprocal space mapping since these two peaks for rubrene on PDMS 
are very weak by off-axis 2θ-ω coupled scan and thus the accuracy is unsatisfactory. The 
corresponding d-spacings at different temperatures, d0012, d313, and d113, can thus be 
determined with obtained 2θ by Bragg’s law (2dsinθ = nλ). The changes of d-spacing at 
any elevated temperature relative to that at room temperature, i.e., d-spacing strains (ε 
dhkl), were calculated for d0012, d313, and d113 and were averaged among multiple samples. 
The average d-spacing strains for rubrene on PDMS and rubrene on Si upon consecutive 
heating-cooling cycles are shown in Figure A3.2.  
The average d-spacing strains along with their standard deviation errors were used to 
compute the total elastic strains along the three principal axes, a (ε a), b (ε b), and c (ε c) 
axes of rubrene. Since rubrene adopts an orthorhombic structure, the equation that relates 
the d-spacing dhkl to the lattice parameters a, b, and c is given by  
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A sample calculation of a, b, c, ε a, ε b, ε c, as well as their standard deviation errors 
is shown in Table A3.1. Figure A3.3 shows that the average total elastic strains (ε a, ε b 
and ε c) exhibit good reversibility upon heating and cooling.  
  179 
 
Figure A3.1 XRD measurements of 2θ as a function of temperature for the (0012), (313), 
and (113) diffraction peaks of rubrene laminated on PDMS and Si. 
a. Out-of-plane 2θ-ω coupled scan of rubrene (0012) diffraction peak upon heating for rubrene on 
PDMS. b. Out-of-plane 2θ-ω coupled scan of rubrene (0012) diffraction peak upon heating for 
rubrene on Si. c. 2D reciprocal space mapping of rubrene (313) diffraction peak upon heating for 
rubrene on PDMS. 2D reciprocal space mapping instead of 2θ-ω coupled scan was used since the 
(313) diffraction peak for rubrene on PDMS obtained by 2θ-ω coupled scan is very weak. d. Off-
axis 2θ-ω coupled scan of rubrene (313) diffraction peak upon heating for rubrene on Si. e. 2D 
reciprocal space mapping of rubrene (113) diffraction peak upon heating for rubrene on PDMS. 
2D reciprocal space mapping instead of 2θ-ω coupled scan was used since the (113) diffraction 
peak for rubrene on PDMS obtained by 2θ-ω coupled scan is very weak. f. Off-axis 2θ-ω coupled 
scan of rubrene (113) diffraction peak upon heating for rubrene on Si. 
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Figure A3.2 Average strains of the d-spacings as a function of temperature.  
a. Average strain of d0012 as a function of temperature during heating and cooling obtained by 
measuring the (0012) peak shift of multiple rubrene samples on PDMS. b. Average strain of d0012 
as a function of temperature during heating and cooling obtained by measuring the (0012) peak 
shift of multiple rubrene samples on Si. c. Average strain of d313 as a function of temperature 
during heating and cooling obtained by measuring the (313) peak shift of multiple rubrene 
samples on PDMS. d. Average strain of d313 as a function of temperature during heating and 
cooling obtained by measuring the (313) peak shift of multiple rubrene samples on Si. e. Average 
strains of d113 as a function of temperature during heating and cooling obtained by measuring the 
(113) peak shift of multiple rubrene samples on PDMS. f. Average strains of d113 as a function of 
temperature during heating and cooling obtained by measuring the (113) peak shift of multiple 
rubrene samples on Si. 
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Figure A3.3 Reversibility of the average total elastic strain of rubrene on PDMS and 
rubrene on Si upon heating and cooling. 
a. Average total elastic strain εtotal of rubrene a, b, and c axes as a function of temperature for 
crystals on PDMS during a continuous heating and cooling cycle. b. Average εtotal of rubrene a, b, 
and c axes as a function of temperature for crystals on Si during a continuous heating and cooling 
cycle. Both cases show very good reversibility of εtotal.   
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Table A3-1 Sample calculation of lattice parameters, lattice strains, and corresponding 
standard deviation errors based on measured average d-spacing strains of rubrene on 
PDMS at 55 °C. 
Quantity Unit Value Note 
ε d0012 % 0.03585 Average strain of d0012 for Rubrene/PDMS @ 55°C 
δ (ε d0012) % 0.01581 Standard deviation of ε d0012 
ε d313 % 0.18301 Average strain of d313 for Rubrene/PDMS @ 55°C 
δ (ε d313) % 0.00608 Standard deviation of ε d313 
ε d113 % 0.09868 Average strain of d113 for Rubrene/PDMS @ 55°C 
δ (ε d113) % 0.00463 Standard deviation of ε d113 
d0012 Å 2.248306 d0012 = d0012(r.t.) × (1 + ε d0012); d0012(r.t.) = 2.2475 Å 
δ (d0012) Å 0.000355 δ (d0012) = d0012(r.t.) × δ (ε d0012) 
d313 Å 3.659788 d313 = d313(r.t.) × (1 + ε d313); d313(r.t.) = 3.653102 Å 
δ (d313) Å 0.000222 δ (d313) = d313(r.t.) × δ (ε d313) 
1/(d313)
2
 Å
-2
 0.07466  
δ (1/(d313)
2
) Å
-2
 9.0576 × 10
-6
 δ (1/(d313)
2) = 2 × δ (d313)/(d313)
3 
d113 Å 5.23462 d113 = d113(r.t.) × (1 + ε d113); d113(r.t.) = 5.22946 Å 
δ (d113) Å 0.000242 δ (d113) = d113(r.t.) × δ (ε d113) 
1/(d113)
2
 Å
-2
 0.036495  
δ (1/(d113)
2
) Å
-2
 3.3743 × 10
-6
 δ (1/(d113)
2) = 2 × δ (d113)/( d113)
3
 
∆1 Å-2 0.038165 ∆1 = 1/(d313)
2 
- 1/(d113)
2
 
δ (∆1) Å-2 9.6657 × 10-6 δ (∆1) = {[δ (1/(d313)
2
)]
2 + [δ (1/(d313)
2
)]
2
}
1/2 
c Å 26.97967 c = 12 × d0012 
δ (c) Å 0.00426 δ (c) = 12 × δ (d0012) 
ε c % 0.03585 ε c = ε d0012 
δ (ε c) % 0.01581 δ (ε c) = δ (ε d0012) 
9/c
2
 Å
-2
 0.012364  
δ (9/c2) Å-2 3.9046 × 10-6 δ (9/c2) = 9 × 2 × δ (c)/c3 
a Å 14.47813 a = (8/∆1)
1/2 
δ (a) Å 0.001833 δ (a) = 0.5 × a × δ (∆1)/∆1 
ε a % 0.264058 ε a = [a – a(r.t.)]/a(r.t.); a(r.t.) = 14.44 Å 
δ (ε a) % 0.012694 δ (ε a) = δ (a)/a(r.t.) 
1/a
2
 Å
-2
 0.004771  
δ (1/a2) Å-2 1.208 × 10-6 δ (1/a2) = 2 × δ (a)/a3 
∆2 Å-2 0.01936 ∆2 = 1/(d113)
2 
- 1/a
2 
- 9/c
2
 
δ (∆2) Å-2 5.3 × 10-6 δ (∆2) = {[δ (1/(d113)
2
)]
2 + [δ (1/a2)]2 + [δ (9/c2)]2}1/2 
b Å 7.18699 b = (1/∆2)
1/2
 
δ (b) Å 0.00098 δ (b) = 0.5 × b × δ (∆2)/∆2 
ε b % 0.09735 ε b = [b – b(r.t.)]/b(r.t.); b(r.t.) = 7.18 Å 
δ (ε b) % 0.01365 δ (ε b) = δ (b)/b(r.t.) 
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Table A3-2 Theoretical absolute values (in eV) of the potential energy at the vacuum level 
(Evac), the valence band maximum (VBM), and the work function (WF) for rubrene on 
PDMS and rubrene on Si at different temperatures. The VBM values correspond to two-
layer slabs, relaxed at fixed unit-cell parameters (taken from the experimental work). Each 
Evac value is calculated at the vacuum level (30 Å thick vacuum layers added over the 
rubrene slabs). The electronic properties are calculated with the PBE functional. 
 Evac (eV) Δ Evac 
(eV) 
VBM (eV) ΔVBM 
(eV) 
WF (eV) 
ΔWF 
(eV) T (°C) 26  75 26  75 26 75 
Rubrene/Si 2.463 2.473 0.010 -1.518 -1.500 0.018 3.981 3.973 -0.008 
Rubrene/PDMS 2.463 2.459 -0.004 -1.518 -1.523 -0.005 3.981 3.982 0.001 
 
 
 
 
 
 
 
 
